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ABSTRACT 
Chapter 1 A detailed survey of some of the electrochemical 
techniques used in this work is given. These include cyclic, 
stirred and a.c. voltammetry. 
Chapter 2 The results of an investigation of the reactions 
of RuCl 3 (ER 3 ) 2 CH 3OH (E = As, F; R = Ph, p-tolyl) with 
potential bifunctional heterocyclic ligands containing nitrogen 
or sulphur donor atoms are fully described. These studies 
produced a number of new monomeric ruthenium(III) complexes 
together with the pyrazine bridged dimer (AsPh 3 ) 2 C1 3 -
RupyzRuCl 3 (AsPh 3 ) 2 . Detailed electrochemical studies on 
these compounds and other ruthenium(III) and (II) monomeric 
complexes are then described and a correlation between the 
observed electrode potentials and the pKa of the ligands 
established. 
Chapter 3 Attempts to synthesize the new monomeric anions 
mer-[MC1 3 (PR 3 ) 3 F (M = Ru, PR = PMe 2Ph, PEt 2Ph, PEt 3 ; 
N = Os, PR = PMe 2Ph) by chemical and electrochemical 
reduction of mer-MC1 3 (PR 3 ) 3 are presented. In non-
coordinating solvents such as CH 2C1 2 , major products are 
Ru 2Cl (PR 3 ) 5 and[Os 2Cl 3 (PMe 2Ph)l respectively whereas in 
coordinating solvents such as CH 3CN, dmf and FhCN(S) , the 
monomeric MC1 2 (PMe 2 Ph) 3S complexes were isolated. Full 
characterisation of most of these products by 31 F{ 1 H} 
and 1  H nmr studies was achieved. 
iii 
Chapter 14 The synthesis and characterisation of various 
binuclear halide bridged complexes of ruthenium,Ru 2C1 5 (AsR 3 ) 3 
or 	(R 	Ph, p-tolyl) starting from RuC1 3 (AsR 3 ) 2 CH 3OH are 
described. The preparation of the related mixed valence 
complexes Ru2C1 5 (A5R 3 ) 14 (R 	Ph, p-tolyl, p-PhC1) is also 
discussed and full characterisation by electrochemical, esr 
and magnetic susceptibility measurements presented. 
Preliminary studies show that the analogous compounds Os 2C1 5L 14 
(L = PPh 3 , AsPh3 , As(p-tolyl) 3 ) can be obtained by reaction 
of Na 2OsCl 6 with L in butan-2-ol. 
CHAPTER I 




Electrochemistry is a well-developed speciality area 
of chemistry with a complete set of theories and quantitative 
relationships. In many respects it is one of the oldest 
specialities of classical physical chemistry and owes its 
origins to the 19th century. The most electropositive 
metals have been prepared for decades by electrolytic 
reductions from their molten salts and papers have 
appeared on the preparation of salts containing elements 
in less-common higher and lower oxidation states by 
electrolytic oxidation or reduction. 
Analytical chemists have used electrochemical tech-
niques especially for determining metals, for over fifty 
years, but only in the last few years has it been realised 
how useful these techniques can be for investigating redox 
reactions. Some of the most exciting applications of 
electrochemistry have occurred in the areas of organo-
metallic and coordination chemistry, as well as very 
recently in the area of biochemistry. The applications 
have ranged from mechanistic studies to the synthesis of 
unstable or difficultly obtainable species. The control of 
an oxidation or reduction process through electrochemistry 
is much more precise than is possible with chemical 
reactants. 
The inorganic chemist is interested in knowing the 
formal electrode potential associated with a particular 
oxidation or reduction, and the number of electrons 
3 
involved in the electron-transfer reaction. From a 
theoretical standpoint, correlations between formal elec-
trode potentials and substituent groups, orbital energies 
and bonding properties for a series of related compounds 
is of particular interest123.  Equally the character-
istic current that flows in a voltammetric cell under 
specific conditions is of more than analytical significance 
since it allows evaluations of rate constants in electrode-
induced chemical reactions 5 ' 6 . 
The preparative chemist may be interested in knowing 
whether a particular compound, often newly prepared, can 
be readily oxidized or reduced to related compounds. When 
the formal electrode potential for a particular couple is 
known, it is then possible to select a suitable oxidising 
agent to convert the reduced form of that couple to the 
oxidized form, or a suitable reducing agent to convert 
the oxidized form of that couple to the reduced form 7 . If 
a species Z can be reduced successively to Z 	and Z 2 , 
then from knowledge of the formal electrode potential for 
the couples Z/Z 	and Z/Z 2 a suitable reducing agent 
can be sought to bring about selectively the reduction of 
Z to Z 1 , while another more powerful reducing agent can 
be chosen to bring about the reduction ofZ to Z 2 . 
Similar information can be obtained for oxidations. In 
such cases a convenient selective redox agent may not be 
available but an attractive alternative is to electrolize 
the compound in bulk under controlled potential conditions. 
Frequently inorganic chemists have used electro-
chemical techniques merely to obtain E ° and "n" values, 
but the methods can be employed to obtain much more useful 
information such as (a) evaluation of the solution thermo-
dynamics 8 , (b) evaluation of the heterogeneous and 
10 homogeneous electron-transfer kinetics 9, , (c) the 
effects of solvent or electrolyte participation 11,12,14  
.and substituent variations 13 , (d) preparation 15  and study 16 
of unstable or inaccessible intermediates, (e) evaluation 
of the formal charge of new compounds 17  and their metal 
component l8, (f) determination of the formula and stability 
constants of metal complexes 19 ' 20 , (g) determination of the 
electron stoichiometry of the compound's oxidation-
reduction reactions 21 , (h) study of cis and trans effects 22 
To answer these questions, the investigator must select 
the proper electrochemical method and sample conditions. 
Frequently the solubility and stability of the sample 
dictate the solvent system that must be used. After 
selection of an electrochemically compatible solvent, an 
excess of non-interfering soluble supporting electrolyte 
must be added so that the test compound migrates by random 
diffusion only under voltammetric conditions. 
Approximately thirty distinct perturbations of 
potential current and charge have been used in the study 
of electrode processes. However, no more than a dozen 
techniques have been widely used, partly because of the 
difficulty in solving the differential equations relating 
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Fig. [1.1) Three-electrode apparatus 
C, counter electrode 
W, working electrode 
R, reference electrode 
the response to elapsed time for many of the methods 
proposed. A few of the more popular techniques are 
described in Table [1.1]. 
In modern voltammetry a three-electrode configuration, 
Figure [1.1], driven by a potentiostat is routine. In 
this arrangement, the electronic circuit maintains the 
required potential difference between the working electrode 
(w.e.) and the standard reference electrode at all times 
but the resultant cell current is caused to flow between 
working and counter (auxiliary) electrodes (c.e.). 
In this arrangement, since no current flows in the 
reference electrode it is left unpolarised (and therefore 
stable), and also voltage losses in this typically high-
resistance component are avoided. 
No matter what the procedure, the design and con-
struction of a suitable cell must meet certain basic 
requirements: (a) the resistance of the cell should be 
maintained as low as possible, particularly with low-
conducting solutions or when high currents are used. 
Currents may range from the sub-microampere region to 
several rn-ampere. When high currents are used, low cell 
resistance ensures that the voltage drop across the cell 
(or the power loss) will not exceed the capabilities of 
the driving circuits; (b) electrode geometry should be 
optimized to establish a symmetrical electrical field at the 
working electrode; (c) the working temperature should be 
controlled (thermostating required in accurate work); 
WO 
(d) the cell should be protected from external contaminants 
such as air, water and sometimes protected from light; (e) 
reasonable convenience is demanded in ôhanging solutions 
and cleaning the cell between measurements; (f) cross-
contamination of the solutions in the neighbourhood of 
the working electrode and the counter electrode must be 
avoided during bulk electrolysis (the reference electrode 
should be likewise isolated at all times); (g) the volume 
of the cell may range from u-litres of dilute solutions as 
in thin-layer cells to as large as a litre as in 
preparative electrochemistry on the mole scale. The cell 
also may need to be compatible with auxiliary equipment 
such as spectroscopic systems (esr, nmr, Raman etc) or 
rotating electrodes. 
The first requirement is usually satisfied by placing 
the working and the counter electrode reasonably close. 
Difficulties may arise when spherical working electrodes 
and planar or cylindrical counter electrodes are used in 
highly resistive media. In these cases, it is possible 
that the working electrode does not reasonably approximate 
to an equipotential surface. Power loss (resistance between 
w.e. and c.e.) is usually only a problem in electro-
synthesis when big currents are used. A separate 
resistance problem is the resistance between the w.e. 
and the r.e. (iR drop) which is compensated by positive 
feedback to the input of the control device. Alternatively, 
the uncompensated resistance may be calculated using 
2 Oa equations that have been derived from theoretical models. 
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This uncompensated resistance is very important in 
voltammetric and polarographic studies. 
In electrolytes with low specific resistance (100 c 
or less) the geometric arrangement of the electrodes is 
not very critical. The working electrode should be 
placed between the counter and reference electrode. At 
small electrodes, all points on the surface of the 
electrode will be essentially equidistant from the 
counter electrode and the current density will be almost 
uniform over the surface of the microelectrode. In 
controlled potential electrolysis, considerable attention 
must be paid to the design of the cell-potentiostat system 
20c and recent papers 20b, 	have discussed the critical 
parameters and made recommendations for optimum cell 
design. 
Requirement "f" is usually satisfied by placing the 
counter electrode in a separate compartment, isolated 
from the test solution by a single or-double junction glass 
frit. This is only necessary when significant electrolysis 
is to take place (e.g. not for cyclic voltammetry). 
Many working electrodes have been employed over 
the years. While incomplete, the following general 
classifications can be made according to the type of 
experiment: 
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contamination of the test solution (this may require 
isolation via a salt-bridge). The primary standard 
electrode is the normal hydrogen electrode ME), but as 
this electrode is inconvenient for practical work, other 
reference electrodes are used. These have been divided 
according to the electrode reaction responsible for 
maintaining the constant potential. "Electrodes of the 
first kind" are those at which the potential is determined 
by an equilibrium between a metallic phase and its ion 
e.g. .Ag/Ag, Zn(Hg)/Z, Na(Hg)/Na, H 2 (Pt)/H, 
Fe(C 5 H 5 ) 2/Fe(C 5H 5 ) 2 . 
The Ag/Ag is a widely used reference electrode 25 
in non-aqueous solvents such as CH 3CN. The electrode 
consists of a silver wire immersed in a solution of silver 
ions and connected to the test solution through a salt 
bridge. The Ag/Ag electrode is reversible in many 
solvents. The main advantage of this and similar 
reference electrodes is that it allows working in a 
system containing a single solvent. 
"Electrodes of the second kind" are those at which 
the potential is determined by the equilibrium of a met-
allic phase with its sparingly soluble metal salt, e.g. 
Ag/AgCl, Hg/Hg 2 C1 2 , Hg/H9 2SO 1 
 Hg/HgO. 
The saturated calomel ele otrode (SCE) is probably 
the most widely used reference electrode. It consists of 
a mercury electrode in contact with a solution which is 
saturated with respect to both Hg 2 C1 2 and KC1. The half 
13 
reaction is eq [1] 
Hg 2 C1 2 + 2e 	2Hg + 2Cl 	 [1] 
The use of a calomel electrode in aqueous solutions 
presents few problems but it is inapplicable, for example, 
if directly immersed in acetonitrile since Hg 2C1 2 , 
although insoluble, undergoes a disproportionation, eq [2] 
Hg 2 C1 2 + C1. 	Hg + HgC1 3 	 [2] 
Accordingly, the SCE which is widely used in non-
aqueous electrochemistry must be connected via an aqueous 
salt bridge to the test solution. 
Precise potentiometric measurements require 
reference electrodes that are highly reproducible, but 
there are many applications where this is less essential. 
For example, in routine analytical polarographic and 
voltammetric measurements, the accurate measurement of 
the current is more important than the precise measurement 
of potential and for these purposes a simple quasi-
reference electrode is suitable. In a halide-containing 
supporting electrolyte a silver wire or mercury pool 
will adopt a reasonably steady potential that is 
reproducible to within ±10-20 mV. A Pt wire also will 
function satisfactorily as a quasi-reference electrode 26 
in many applications. In this case the apparently stable 
111 
potential is presumed to reflect the platinum/platinum 
oxide couple established at the metal surface. 
The electrode "C", Figure [1.1], which completes 
the circuit is the counter or auxiliary electrode. 
Depending on the requirements of the study, "C" may be 
an inert electrode dipping directly into the test 
solution or a shielded electrode (sintered glass 
partition, salt bridge etc) to avoid the possibility that 
the products formed at "C" will interfere with the 
phenomena being studied at "W". 
It will be noted that the potential E' existing 
between "W" and "C" is of little interest and is not 
associated in a simple way with the occurrences at "W". 
The phenomena at "C" are usually of little concern. 
The choice of a solvent in an electrochemical 
investigation usually is dictated by circumstances. 
Since electrolysis can occur only in a medium which 
conducts the electric current, the nature of the solvent 
is important. When the choice of solvent is made some 
factors must be taken into consideration such as 
(a) proton activity, (b) usable potential range, (c) 
dielectric constant, (d) ability to dissolve electrolytes 
and substrates, (e) accessible temperature range, (f) 
vapour pressure, (g) viscosity, (h) toxicity, (i) polarity, 
(j) donor or solvating properties, (k) ease of purification, 
(1) other practical factors (availability, cost, ease of 
handling etc). A good review of these factors has been 
15 
provided by Baizer 27 
The passage of electric current through a non-metallic 
liquid is dependent on ions in solution. These ions are 
provided by the supporting electrolyte which critically 
affects the solvent medium in several ways: (1) it 
regulates cell resistance and ionic current (suppressing all 
but diffusion-limited mass transport of the test compound); 
it may control or "buffer" the level of hydrogen ion 
activity in solution; (3) it may associate with the 
electroactive solute, as in the complexing of metal ions 
by certain ligands; (Lt) it may form ion-pair or micellar 
aggregates with the electroactive species; (5) it largely 
determines the structure of the "double layer" immediately 
23 adjacent to the electrode ; (6) it may impose positive or 
negative voltage limits because of its redox properties. 
All of the common organic solvents are essentially 
non-conductors and without the addition of some electrolyte 
their resistance is so great that the voltages required to 
pass even microampere currents are impractically large and 
therefore the addition of electrolytes is indispensable. 
The choice of electrolyte depends on properties 
such as: (1) its solubility; (2) dissociation constant; 
mobility; (14) discharge potential and protic activity. 
The ideal electrolyte is one which is highly soluble, 
completely dissociated, with highly mobile constituent 
ions and a numerically high discharge potential, and is 
chemically inert with respect to the electroactive species 
16 
in whatever oxidation state! 
The solvent and supporting electrolyte should be 
chosen to give resistance values that are as small as 
possible. This will minimize uncompensated iR drop, which 
leads to potential control error, and will minimize ohmic 
heating of the solution in preparative electrochemistry 
where large currents are used. 
1.2 The Charge Transfer Process 
Ultimately this process is the act of electron 
transfer between the electrode and the reactant, which 
implies at least some contact with the electrode. This 
contact may be visualised as an overlap of a molecular 
orbital of the reactant with an orbital of the electrode 
surface atoms. For such overlap to occur, some structural 
reorganization of the reactant species is assumed to be 
required. This process can be viewed as the formation of 
a transition state for electron transfer in direct analogy 
to transition states for homogeneous reactions. The 
immediate product of electron transfer most likely does not 
have precisely the structure of the species that moves 
from the electrode. Therefore the process of structural 
reorganization which will satisfy the mutual requirements 
of the species existing immediately prior to and following 
electron transfer can be viewed as the formation of the 
transition state. 
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In fact, the model employed for-a charge transfer 
process consists of at least three distinct steps; a 
structural reorganization, electron transfer and another 
structural reorganization. 
If a charge transfer process is said to be reversible 
one is really only stating that the process occurs sig-
nificantly more rapidly than the rate of diffusion to the 
electrode surface. A charge transfer process that is 
governed by both diffusion and charge transfer kinetics 
is called quasi-reversible. A reaction in which the 
charge transfer process is much slower than the diffusion 
rate is termed irreversible. 
However there are many electrochemical reactions in 
which homogenous 'complications' (i.e. chemical reactions 
coupled to the heterogenous electron transfer reaction) 
are known to exist and many others are likely to become 
evident as the capability for detecting the presence of 
chemical reactions increases. There are different types of 
coupled chemical/electrochemical processes 28: 
Case I 	Chemical reaction preceding a reversible charge 
transfer. 
+ ne 
Case II 	Chemical reaction preceding an irreversible 
18 
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Case III 	Reversible charge transfer followed by a 
reversible chemical reaction 
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0 
r\ - 
Case IV 	Reversible charge transfer followed by an 
irreversible chemical reaction. 
- 
+ ne - 
R ........S  z 






L Z loz- 
R + Z 	0 
Case VI 	Catalytic reaction with irreversible charge 
transfer. 
0 + n  - R 
R + Z 	O 
The different types of charge transfer process are 




In the present work, a.c. polarography, cyclic 
voltammetry and stirred voltammetry have been utilized to 
study the electrode reactions of ruthenium and osmium 
complexes. Theoretical concepts associated with the 
interpretation of the data derived by each technique are 
discussed below. The discussion is divided according to 
the degree of reversibility as defined in Table [1.2]. 
1.3 Cyclic Voltammetry 
Introduction 
The techniques of linear and cyclic voltammetry in 
quiet solutions were first introduced by Matheson and 
Nichols 30 and were described theoretically by Randles 3 ' 
and Sevcik 32 ten years later. Since that time cyclic 
voltammetry especially has grown rapidly in popularity, not 
only as a means of obtaining a.quick electrochemical 
'spectrum' of a charge-transfer system but also as a 
method for the detailed examination of reaction mechanisms. 
An excellent series of papers by Kemula and co-workers 
employing the static hanging mercury drop electrode 
pointed the way to studies of electrode mechanisms'. 
In linear voltammetry the working electrode is ramped 
linearly and relatively quickly from the rest to the 
potential through and beyond the characteristic electrode 
21 
potential of the reducible species and the resulting 
current-voltage curve has an asymmetric peak from 
reflecting the decay of the diffusion limited current due 
to net conversion of "0" to "R" in the vicinity of the 
stationary electrode. 
In cyclic voltammetry the potential range is then 
immediately reversed at the "switching potential" E (i.e. 
we employ a triangular potential ramp) and on the reverse 
portion of the scan an inverted peak mirroring the first 
is observed due to reoxidation of persistent "R" in the 
quiet solution (naturally an exactly analogous response 
occurs for oxidizable samples in the appropriate potential 
range and, indeed, steady-state cyclic .voltammograms of 
"0" and "R" are in principle superimposable). 
In the event of chemical reactions following electron-
transfer, both transitory intermediates and redox-active 
daughter-products may be detected depending on the pre-
vailing kinetics and voltage scan-rate. Potential sweep 
rates ranging from few millivolts per second to tens of 
volts per second have been employed. Very high sweep 
rates are frequently used to test for the existence of 
short-lived intermediates. 	Current/voltage curves 
obtained at sweep rates of more than about 500 mV/sec are 
usually recorded using a storage oscilloscope, whereas 
those obtained at lower sweep rates are conveniently 
recorded using a fast-response X-Y recorder. The 




Fig.[1.2] Single sweep voltammetry 
Electrode response for a reducible species in solution 	
r') 
Electrode response for on oxidizable species in solution 
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reviewed27a,2?b as well as the effect of recorder response 
time on the shape of the recorded traces for square 
waves, triangular waves, and gaussian peaks. 
As mentioned earlier, cyclic voltammetry is itself a 
development of a technique known as stationary- 
electrode voltammetry 35 . Typical stationary-electrode 
voltammograms are illustrated in Figure [1.2]. Notice 
that unlike classical polarographic waves the curves are 
peaked. This is a consequence of the use of a stationary 
electrode in a quiet solution. 
Thus the current-potential curve exhibits a maximum, 
whose location is highly dependent on the relative rates 
of the electron transfer and mass transport. The mass 
transport is solely due to diffusion and is therefore in 
principle capable of exact description by mathematical 
analysis. 
In 198, Randles and Sevcik independently derived 
equation [3]for a fully reversible system, relating the 
peak current (i n ) to experimental parameters 32 . 
Kn 3/'2 AD 2 Cv 2 	 [ 3] 
where: 
i P = current (Amp) 
A = Area of electrode (cm 2 ) 
v = rate of potential change (V/sec) 
I 	I 
—I,.,  
EV2 	+0.6 	 +1.0 
(volts) 
-0./. 	 0.0 
- PC 
N) 






Fig.I1.41 The principle and comparison of a.c. and d.c. polography 
F\) 
31 
E E112 	 EdC 
Fig.E1.51 u.c. and d.c. polarography 
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K = Randles and Sevcik constant (2.687 x 10 5) 
D = Diffusion coefficient constant (cm 2 /sec) 
A typical cyclic voltamrnograrn is illustrated in 
Figure [1.3]. 
lit a.c. Polarography 
The principle of this method is shown in Figure [lit]. 
A linearly varying d.c. voltage is applied to the elec-
trode system, and is modulated with an alternating voltage 
of small amplitude (usually of the order of 5-20 mV) and 
of constant frequency (of the order of tens to hundreds 
of Hz). The net alternating current component is monitored 
as a function of the linear d;c. voltage ramp. The output 
current signal thus recorded is a peak, centred on E, 
2 
(for a reversible process) which has the form of the 
first derivative of the d.c. polarograph, Figure [1.5]. 
The sensitivity and selectivity is thus increased over that 
of classical d.c. polarography and voltammetry. A 
sinusoidal voltage modulation is most often used, but 
generally any cyclic small amplitude waveform might be 
employed (e.g. sawtoothtriangular, etc). 
The principal .limitat ion on the sensitivity of the 
method is the relatively high value of the capacitative 
current encountered since the a.c. impedance is small 
compared with the cell resistance. This can be suppressed 
ural 
t 	t', 1/4 .)/4 
1/2 	 h 
Fig. [1.6] d.c. polarography (voltammetry at the d.m.e.) 
I 	 - 
+ 1.7 V 
Oxidation 
Fig. 11.71 Stirred and unstirred stationary electrode voltammetry 
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either by (a) phase-selective rectification (since the 
capacitative current is not in phase with the faradic 
current), (b) by the technique employed in square-wave 
polarography36 or (c) by using higher harmonic detection 
which effectively eliminates the capacitative component. 
Some authors state that a.c. analytical determinations 
are twenty times more sensitive than d.c. determinations 
under the same conditions 37 . Another advantage of a.c. 
polarography is that two adjacent waves can be accurately 
resolved even if the difference in formal potentials is 
0.08 volts which is very small compared with the 0.15 volts 
necessary for cyclic voltammetry. Even closer a.c. 
waves (140 mV) can be qualitatively distinguished; the 
degree of resolution increases with decreasing alternating 
voltage amplitude. 
1.5 Voltammetry in Stirred Solutions 
If one stirs the test solution used for polarograms 
Figure [1.6], using a stationary electrode and scans the 
cathode potential toward increasingly negative values, the 
voltammogram shown in Figure [1.7] results. Although 
this outwardly resembles a damped polarogram, analysis of 
such a voltammogram requires an entirely different set of 
assumptions about the nature of mass transport of the 
electroactive substance to the cathode 38 . 	In particular 
the mathematical models used to describe the wave shapes 
31 
are quite different. 
If we scan the potential toward increasingly positive 
values the voltammogram shown in Figure [1.7] results. 
This is very important in our studies because using this 
technique we can distinguish if the electroactive sub-
stance is oxidized or reduced at the characteristic poten-
tial, which frequently is not obvious from chemical cons-
iderations alone. Also we can tell how many electrons are 
involved in the process by simple comparison of limiting 
currents with a known charge-transfer process. In this 
type of voltammetry the mass transport is carried out by 
forced convection and diffusion, and therefore the 
mathematical treatment is more complicated than the one 
used for cyclic voltammetry in quiet solutions, although 
in the limit of efficient stirring we approach the simple 
polarographic ideal where the electrolysed solution 
adjacent to the electrode is continuously replaced. 
1.6 Reversible Charge Transfer .  
1.6.1 Cyclic Voltammetry 
Complete mathematical treatments of cyclic voltammetry 
are available, in particular the series of papers by Sham 
and co_workers39_2. 
Since the reversible charge transfer case provides 
the foundations upon which much of the subsequent systems 
32 
are based, the quantitative expressions for the cyclic 
voltammetry response are detailed in this section. A 
similar analysis is then given for the a.c. polarographic 
response. 
Consider a system comprised of.a reversible redox 
couple. 
- 
+ n  - - E 4 
The cyclic voltammogram for this process is illustrated 
in Figure [1.3]. 
1.6.1.1 Potential 
+ln(— 	)'f 	 E 5 
2 	 nF 	D red 
E - 	= -1.109 () 	 E 6 
and at 25 0 C 
E - 	= - 28.1 mV 	 [7] pa n 
E - E 1 = + 28.1 mV 	 [8] 
PC 	 n 
hence, eq [8] - [7] 






Fig. (1.8] Variation of c.v. scan rate 
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which is independent of the scan rate (Figure [1.81). 
Because the peak is somewhat broad so that the peak potential 
may be difficult to determine, it is sometimes more 
convenient to report the potential at "±", the so-called 
half peak potential "E 12 T' which is related tothe half-
wave potential by eq [10]. 
E 	=+ 28.1 mV 	 [10] p12 	 n 
1.6.1.2 Current 
The current peak value, can be obtained from eq [ii] 
i = DORT [11] 
where x(at) = normalized current and the other parameters 
have the same meaning as in eq [3]. 
The solution of eq [11] has been carried out numer-
ically by Nicholson and Shain28  and, using a series 
solution, by Sevcik 32 . The function of [ 2X(at) reaches 
a maximum of 0.141463  (25 °C) at 'E', which is 28.1/n mV 
beyond E, (see eq [71). 
2 
Substituting this value in eq [ii], the peak current 
Ili 11 is: 




Table 1.3 Reversible Charge-Transfer 






 is independent of scan rate 
Ea_Ec = 059 mV at 25 0C and independent of scan rate. 
Current: 
3- 
1.0 and independent of scan rate 
vs v 2  plot gives a straight line through zero. 
a.c. Polarography 
Potential: 
independent of 'w' 
= 	mV at 25 0C and independent of 'w'. 
2 
Current: 
li p ' vs w 2 plot gives a straight line through zero. 
Stirred Voltamrnetry 
Potential: 
'E l l independent of concentration and stirring rate 
2 
- 	= 	mV independent of concentration. 
Current: 
i eirn  linearly dependent of concentrati.on. 
IN 
or 	i 	(2.69 x 10 5 )n 3"2 
P o 	0 
AD 2vC 	 [13] 




A plot of i vs V2  should be a straight line through the 
origin. In other words the current at any potential 
increases linearly with the square root of the potential 
scan rate. This criterion of reversibility and diffusion 
control is very useful when oxidation or reduction 
potentials are not very easy to measure. For convenience, 
the peak current divided by the square root of the scan 
rate is called the current function. 




ipa /i pc = 1 
	
E 16 
Methods for the determination of the peak current ratio 
which entails establishing forward and reverse baselines, 
can be found in the literature 3 
Table [1.3] gives a summary of the parameters used to 
identify a reversible cyclic voltammetric response. 
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1.6.2 a.c. Polarography 
In the following discussion we shall consider the 
Nernstian couple 
n - -. + ne 
in which R is initially absent. 
1.6.2.1 Peak Current 
The total a.c. current for a modulation of frequency 
w Hz can be expressed as 39 
2F 2AEC n 	w 2 D 
	
0 	0 I 
p 	14RT 
[17] 
which can be written for T = constant 
1 
I p = Kw 2 	 [18] 
Eq [18] is very useful for test reversibility since 
the plot I vs w 1 should yield a straight line through 
the origin. 
The peak height is thus proportional to the test 




Fig. (1.9] ac. polarogram for a reversible charge transfer 
Fig. 0.101 ac. polarography frequency dependence 




The peak potential equals the polarographic half 
wave potential for both reversible and irreversible systems 
and is given by 
[E ] 	= E 1 dc nF 	a [19] 
where "a" is called the charge-transfer coefficient. It 
is equal to 0.5 for reversible processes and therefore 
[.Ed] 	= E 1 . 
Another equation which relates the a.c. component 
of current to applied d.c. potential is given by eq [20]. 
i-it 2RT ln 	± ( [E 	 ) ] 	 [20] ] E 1 + dc 	nF 
where "i" is the peak current of the a.c. wave and "i" 
is the current value at any potential, Figure [1.9]. The 
value of LE dc] p is independent of the frequency used as 
shown in Figure [1.10]. 
At the two points of half-peak height (i = 
E 12 = E 	= 	2RT + 	in [/ ±11 	 [21] PC 	1,2 
i.e. E 1 -E 2  = 2RT - in ('12+1 ) nF E 22 
and at 25°C 
E - E 	90 mv 12 n 
E 1 -E 2 , Figure [1.9] is called the half-peak width of 
the a.c. wave 'w 1 1 . 
2 
Table [1.3] summarizes the characteristics of a 
reversible a.c. wave. 
1.6.3 Stirred d.c. Voltammetry 
A typical stirred voltammagram is shown in Figure [1.3]. 
1.6.3.1 Current 
The total d.c. current for a reversible process can 
be written as 
nFD 0AC 0 
1 = 	
6 	 [214] 
where 6 = thickness of a stagnant layer of solution at 
the electrode surface ("the diffusion layer"). 
1.6.3.2 Potential 
The potential vs current relationship for a rever-
sible process is written as: 
Edc = E 1 




Within Eq [25], E, can be expanded as follows 38 
2 
E° - 0.0592 log Dox 	 [25a] 
n 	D red 
which differs from the equation given for cyclic 
voltammetry which is written as 
E - ° 	0.0592 	
1 
n 	log Dd 
Even, in an extreme case when "D ox 11 is twice " red" " (or 
Dred = 2D0), substituting in eq [25a] gives 
(E,)tid 	E° - 18 mV = (EJcv - 9 mV 
Normally for inorganic species, D ox  and Dred  are 
approximately equal so that the discrepancy between the 












Fig. 11.121 Reversible and Irreversible charge-transfers 
The characteristic response for this process is 
summarized in Table [1.3]. 
1.7 Irreversible Charge-Transfer 
1.7.1 Cyclic voitammetry 8 




The cyclic voltammogram for this process is 
illustrated in Figure [1.12]. Note the complete absence 
of any measurable anodic current upon scan reversal past 
the peak potential. In other words the reduced species 
may not be measurably reoxidized until potentials 
substantially more positive than E ° are applied. 
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1.7.1.1 Potential 
E 	E, - 1.857 	RT 	 [26] 
p 
For a totally irreversible wave, there is a cathodic 
shift in peak potential or half-peak potential of about 
30/an millivolts for each ten-fold increase in the rate 
of potential scan
38 
 , eq [ 27]. 
	
RT 	v1 = - ln - 	 [27] anF v 2 
1.7.1.2 •Current 
i 	0.227 nFAC K exp[ RT
-anF  (E_E° ) 1 	 [28] 
p 0  
Thus a plot of ln(i) vs (E_E ° ) for different scan 
rates would be a straight line with a slope proportional 
to an, and an intercept proportional to K 5 . This appears 
to be an extremely convenient method of determining the 
kinetic parameters for this case, although the scan rate 
would have to be varied over several orders of magnitude. 
Reinmuth 	has shown that, at the foot of the wave, 
the current is independent of scan rate and can be 
related to the potential and the specified initial 
potential "Ei", 
[ _anF i = nFAC K exp 	(E-E 	)] 	 [29]RT 	initial 
47 
Table 1.4 Irreversible Charge-Transfer 
- 0+ne 	Ks ooR 
Cyclic Voltammetry 
Potential: 
shift cathodically by 30- mV for a 10-fold p 	 an 
increase in 'v'. 
'E' is dependent upon 'Ks'. 
Current: 
	
T = 0 (or 	= 0 for oxidizable compound). 
There is no faradic current on the reverse scan. 
1 




shifts cathodically with increasing frequency 'w'. 
W i > 	mV n 
Current: 
not linearly dependent on w. 
This equation is valid only for current values less 
than 0.1 i 38 but offers a simple way to obtain kinetic 
data (K s and a) even when the standard potential is 
unknown. 
Table [l.a] summarises the cyclic voltammetric 
diagnostic criteria for the irreversible process. 
1.7.2 a.c. Polarography 
1.7.2.1 Current 43 
n2F2AVC0.K2 	1-a 	D -a/2 	 [30] RT 	(1-a) 	a a 
In comparison with a reversible process the sensi-
tivity quickly decreases with decreasing reversibility of 
the electrode reaction. Simultaneously the peaks become 
broader thus also decreasing the selectivity. 
1.7.2.2 Potential 43 
The peak potential for an irreversible process can 
be written as 
RT 	[ 1_a E 	E +—ln 
p nF 
[31] 
The diagnostic criteria for the irreversible process 
are summarized in Table [iii]. 
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1.8 Coupled Chemical Reactions 
1.8.1 Cyclic Voltammetry 
The mathematical treatment of this type of electrode 
process is quite complicated and involves . a set of complex 
simultaneous equations. Fortunately Shain and Nicholson 38140  
have undertaken a detailed analysis of the cyclic voltam-
metric response and have tabulated numerical solutions and 
working curves for wide variations of the homogeneous 
kinetic parameters. This enables one to evaluate rate 
constants for coupled reactions by empirical comparisons 
and the reader is referred to these papers for more 
detailed information. 
1.8.2 a.c. Polarography 
A theoretical discussion of the current response has 
been given by McCord 46 . The phase angle behaviour is also 
discussed by Smith 7 . The diagnostic criteria for a.c. 
polarography and cyclic voltammetry for these electrode 
processes is well discussed by Brown and Large5a. The 
technique is not as generally helpful as c.v. at the 
present development of facilities. 
1.9 Quasi-Reversible Charge-Transfer 
Both cyclic voltammetry and a.c. polarography for 
50 
this intermediate case are well discussed by Masters 48 
and Brown and Large5a. 
1.10 Electrosyntheses 
With redox information about the behaviour of a new 
system at hand as a result of polarographic and cyclic 
voltammetry experiments, it is possible to proceed to what 
is for the synthetic chemist the most interesting aspect 
of the electrode behaviour. This consists of electro-
chemical synthesis of compounds which are difficult to 
synthesise by other methods in large quantity to allow 
isolation and identification by the usual chemical and 
spectroscopic methods. 
The methods used for preparative-scale electrolysis 
fall into two categores: (a) controlled current (galva-
nostatic); and (b) controlled potential (potentiostatic). 
The advantages of controlled-potential electrolysis over 
controlled current are nowadays well recognized and also 
the apparatus used has been much improved. 
Controlled-potential electrolysis as its name 
implies consists simply of an experiment in which an 
electrochemical reaction is allowed to proceed at an 
electrode whose potential is held constant. This potential 
is fixed on the plateau of a polarographic or voltammetric 
wave. As the starting material is consumed the current 






time Ui I-.. 
Fig. [1.131 Controlled - potential electrolysis 
1 
Fig. [1.14] Three-compartment cell for controlled- 
potential electrolysis 








approach to completion is indefinitely drawn out 
(Figure [1.13J). 
However, the currents passing through the solution 
can be quite large (tens of milliamps in our apparatus) 
and it is necessary to work with a three-electrode cell. 
This large current flows between the working electrode and 
the auxiliary electrode, while the current passing between 
the working and the reference electrode is negligible. A 
typical cell is shown in Figure LI1.141. 
A number of solvents and supporting electrolytes 
have been used in aqueous and non-aqueous studies and 
each combination has its own characteristics. The 
choice of a particular solvent and electrolyte is primarily 
empirical and is made according to the usual considerations 
(page 114), and particularly the desire to isolate the 
electrolyte from the medium. 
The material of the auxiliary electrode should be 
chosen so that a suitable 
proceed at this electrode 
example, in reductions in 
copper can be used as the 
smooth formation of Cu 2+ 
electrochemical reaction can 
49 during the elect'olysis. For 
non-aqueous solvents a coil of 
auxiliary electrode, leading to 
ions in this compartment. 
The response for this technique produces a graph of 
current against time, Figure [1.13]. The area under the 
curve gives the total quantity of electricity which has 
passed during the electrolysis. To maintain a smooth fall 
in current during the electrolysis the stirring should be 
54 
constant and the electrodes not subject to fouling. 
The value of the initial current is given by eq [32]. 
nFD AC 
• 	0 0 1 
0 6 
[32] 
and the variation of current with time follows, eq [33]. 
I = i 0 exp(-Bt) 	 E 33 
where B = 	 and V = volume of solution. 
A plot of i vs t gives a straight line of slope, 
- B/2.303 and intercept log 
When the electrolysis is virtually complete the 
quantity of electricity passed is given by eq [34]. 
Q = nFm 	 [314] 
where m = number of moles of product, assuming 100% current 
efficiency. 
A large number of inorganic compounds have been 
50,51 isolated from electrolytic reductions 	and oxidations 50  
and in our own hands the technique has provided extremely 
interesting results, as described in Chapter 3. 
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CHAPTER II 
SYNTHESIS,. CHARACTERIZATION AND ELECTROCHEMICAL SURVEY 
OF MONOMERIC RUTHENIUM(III) AND RUTHENIUM(II) COMPLEXES 
59 
2.1 Introduction 
Recent studies have been carried out by Meyer and 
co-workers in which they have developed a general route 
for the synthesis of single ligand bridged di-ruthenium 
complexes. These syntheses commence with reactions of 
ruthenium cations containing coordinated NO or NO e.g. 
, eq 138 
J1,2  
[Ru(bipy) 2 (NO)C1] + H20 + 
- 	[Ru(bipy) 2 C1(H 2O)] + N 2 0 	 [38] 
This type of reaction also occurs in non-aqueous solvents 
to give the solvated cations [Ru(bipy) 2ClS] (S = acetone, 
acetonitrile or methanol). These cations are useful 
synthetic intermediates because of the lability of the 
coordinated solvent molecule, such that under mild 
reaction conditions only the solvent molecule is dis-
placed. Examples of other synthetically useful complexes 
containing solvate molecules include [Ru(NH 3 ) 5 H 2 0](Cl) 2 3 , 
[Fe-05 H 5 (CO) 2 (CH 3 ) 2 CO](PF 6 ), Mo(CO) 3 (diglyme) 5 and 
(K) 3 [Fe(CN) 5H 2 0] 6 ' 8 . 
When the [RuC1(bipy) 2S](PF 6 ) complexes are reacted 
with potentially bridging bifunctional ligands (L) such 
as pyrazine (pyz), 14, 1 -bipyridy1 (4,4 1 bipy) or 
tran-1,2-( 14-pyridyl)ethylene (BPE) in 1:1 molar ratios 
the products are [RuCl(bipy) 2-L](PF 5 ) 7 in which 'L' is 
M. 
bound by only one nitrogen donor atom. 
However, reaction of [RuC1(bipy)2S](PF6) with bi-
functional L in 2:1 molar ratio gives the binuclear 
complexes [(bipy) 2ClRupyzRuCl(bipy) 2 J(PF 6 ) 2 in which the 
cis configuration around each ruthenium ion is apparently 
retained 7 . 
1 
_ 	 /\ 	
I/N 	I / 
N 	Ru - N7 /Ru_Nj (PF6)2 
Cl 
(1) 
These Ru 2 ' 	binuclear complexes can be oxidized 
by cerium(IV) ion and the resulting [Ru2 11,111 3+ ) 	and 
[Ru2 II] 	cations may be isolated. The formal 
oxidation potentials for these couples are [III,II]/[II,II] 
0.91 V, [III,III]/[III,II] 1.06 V19 (at a platinum elec-
trode vs SCE). 
Similarly when [Ru(NH 3 ) 5 H 2 0 ] (PF 5 ) was added to a 
solution containing an excess of various L, the orange-
red monomers [Ru(NH3)5L](PF6)2 were isolated 9 . However 
when the [Ru(NH3)5H20](PF6)2 complex was added to a 
solution containing the [Ru(NH3)5pyz] 2+  cation (with no 
free pyz present) the binuclear cation 
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[(NH 3 ) 5 RupyzRu(NH 3 ) 5 ](2) was obtained 10 . Potentio-
metric titration with cerium(IV) establishes that this 
binuclear species is oxidized in two well-defined steps, 
to the [Ru 2 ' 111 ] 5 cation (E, = +O.O V) and the 
cation (E, = +0.76 V) (vs SCE) 
respectively 
The spectral and redox-properties of all these 
paramagnetic binuclear complexes indicate that some metal-
metal interaction can occur probably through the 7 system 
of the bridging ligands, even though the metal ions are 
a considerable distance apart. 
If the dissimilar reagents [RuC1-(bipy) 2L]PF 6 and 
[Ru(NH 3 ) 5 H 2 0](PF 6 ) 2 are mixed in equimolar ratios the 
red-purple solid [(.NH 3 ) 5RuLRuC1(bipy) 2 J(PF 6 ) 3 is formed 11 , 
reflecting the intrinsic kinetic inertness of Ru(II) 
centres. This asymmetric binuclear [Ru2 11,11 1  3+ cation 
also undergoes a reversible one-electron oxidation step 
(either electrochemically or chemically) at +0.61 V (vs 
SCE) for L = pyz to generate the mixed valence LRu 21 '] 
cation which could be isolated. This oxidation step appears 
to occur at the (NH 3 ) 5 Ru-erid of the molecule, in contrast 
to the behaviour of the symmetrical complexes where both 
ruthenium ions are formally oxidized (i.e. a 
2.5+,2.5+ n+ [Ru 2 	 J 	cation is formed). 
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Cyclic voltarnmetric studies of (3) also reveal a 
further oxidation step at +1.03 V (vs SCE) to give the 
111,111 5+ [Ru 2 	] 	cation. 
Further support for a localised oxidation step at 
the harder ammine end in these asymmetrical binuclear 
complexes comes from studies by Meyer and co-workers 12 
on the trinuclear compounds {((NH 3 ) 5 RuL) 2Ru(bipy) 2 }(PF 6 ) 6  (14). 
This [Ru3 IIIIII6+  cation undergoes a two-electron 
oxidation (at +0.70 V vs SSCE) to give the [Ru3 111,111,11 ] 8+ 
cation and a further one-electron oxidation is observed 
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(at +1.79 V vs SSCE) corresponding to formation of the 
111,111,111 9+ [Ru 3 	 ] 	cation. This suggests that the 
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Similar studies involving cyanoferrate complexes 
have also appeared in the iiterature1315. For 
example, the electronic absorption spectrum of the mixed 
valence anion Na 6 [(CN) 5 FeCNFe(CN) 5 ] contains a moderately 
intense band at 7,700 cm- 1 , indicative of an inter-
valence charge transfer process which suggests a very low 
degree of delocalization of the unpaired electron over the 
two iron sites. 
Other studies involving the binuclear 
[(CN) 5 FepyzFe(CN) 5 ] 5 ion also indicate essentially 
localized Fe(II) and Fe(III) sites (strong intervalence 
1 18 band is observed at 8,547 cm ) 
Very recently Toma and Santos 16  have isolated the 
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neutral binuclear complex (CN) 5 FepyzRu(NH 3 ) 5 which 
contains distinct iron and ruthenium centres with a net 
oxidation state of five. From infrared and Raman studies 
they regard the compound as containing a localized 
ruthenium(III) ion. Cyclic voltammetric studies of the 
corresponding anion [(CN) 5 FepyzRu(NH 3 ) 5 r in aqueous 
solution revealed two oxidation waves at +0. 118 and 
+0.72 V vs NHE which are attributed to the oxidation of 
ruthenium(II) and iron(II) centres respectively. 
It should be noted however that virtually all the 
various binuclear (and trinuclear) ruthenium complexes 
with single bridged ligands described above are charged 
and contain only hard (class a) Lewis bases. 
In 1966 Stephenson and Wilkinson 17  reported the 
preparation of RuX 3 (EPh 3 ) 2S complexes where S = 
methanol, acetone, nitromethane, E = F, As and X 
Cl, Br. The complex RuC1 3 (As2tolyl 3 ) 2 CH 3OH may be 
prepared by the same method (see later). 
More recently Stephenson and co-workers have 
investigated the use of these solvated complexes as 
starting materials for synthesising a range of ruthenium 
complexes. Thus in 1973, they reported the preparation 
of compounds of the type RuX 3 (EPh 3 ) 2L18 (L = RCN, CS  
(CH 3 ) 2SO, CS, THF; E = P, As; X = Cl, Br), and type 
RuX 3 (EFh 3 )L 2 (L = (CH 3 ) 2S, py or L 2 = 2-2 1 -bipy, 1-10-
phen) by reaction of RuX 3 (EPh 3 ) 2S with L. In contrast 
with the work just discussed (references 1-16), the 
ligands involved in this work are soft Lewis bases and the 
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complexes are neutral. 
Hence there appeared to be good possibilities for 
preparing new compounds having some features like those 
synthesized by Meyer, Felix and Santcs but using 
RuX 3 (EPh 3 ) 2 S as starting materials. In view, therefore, 
of the paucity of data on convenient syntheses of neutral 
[Ru2 111 ' 111  binuclear complexes containing bifunctional 
bridging ligands and soft Lewis bases, a detailed study, of 
the reactions of RuX 3 (ER 3 ) 2 S with bifunctional hetero-
cyclic ligands such as pyrazine and 4,4 1 bipyridyl was 
initiated. An extension of.these studies to other 
bifunctional heterocyclic ligands containing sulphur 
donor atoms was also examined. The results of these 
investigations are presented in this chapter. 
Furthermore, in the light of the redox activity 
encountered by Meyer, and the electron-transfer reactions 
of halide-bridged di-ruthenium complexes discovered in 
this department 20 , a new pyrazine bridged binuclear 
compound incorporating soft ligands synthesized as 
described below was examined electrochemically. A large 
number of monomeric Ru(II) and Ru(III) complexes has 
been investigated by voltammetry for comparative purposes 
and these studies are also described in this chapter. 
2.2 Reactions of RuC1 3 (ER 3 ) 2 CH 3OH with Various Bifunctional 
Ligands 
As in the earlier studies 
18,21  the reaction of 
RuC1 3 (ER 3 ) 2 CH 3OH with bifunctional heterocyclic ligands 
(L) has been found to result in displacement of methanol 
alone, giving the six-coordinate ruthenium(III) 
compounds RuC1 3 (ER 3 ) 2 L, or displacement of methanol and 
one of the ER 3 ligands to give the six-coordinate 
ruthenium(III) compounds RuC1 3 (ER 3 )L 2 . There was no evi-
dence for five-coordinate complexes of ruthenium(III) or 
for replacement of all neutral ligands to form RuC1 3 L 3 . 
In fact, the products obtained appear to depend critically 
on a combination of such diverse factors as the nature of 
the ligand, the reaction time, the solvent medium, and 
on the other ligands present in the ruthenium coordina-
tion sphere. 
In these studies thirteen new monomers have been 
isolated, ten of them of the type RuCl 3 (ER 3 )L 2 (L = pyz, 
14J4' bipy, 1,3 dithiane, 1,4 dithiane; R = Ph or 
p-tolyl; E = F, As) and the other three of the type 
RuC1 3 (ER 3 ) 2L (E, R and L as above). The results are 
presented and discussed below in relation to the donor atom 
present in each bifunctional heterocyclic ligand. All 
the compounds have been characterized by elemental analy-
sis; esr; infrared; u.v./visible spectroscopy, magnetic 
measurements and molecular weight measurements where 
sufficient solubility was observed. 
2.2.1 Nitrogen-containing ligands 
In recent years a number of neutral monomeric 
ruthenium(III) complexes containing N-heterocyclic ligands 
together with soft Lewis bases have been reported. These 
include RuC1 3 (AsPh 3 ) 2 1-10 phenl8, RuC1 3 (AsPh 3 ) 2 py21 , 
RuC1 3 (PPh3 ) 2 py21 , RuC13(AsPh3)(2,2' bipy)18  and 
RuC1 3 (PPh3 ) py218. Similarly, the reaction of 
RuC1 3 (AsR 3 ) 2 CH 3 OH (R = p-tolyl or Ph) with an excess of 
L (L = .pyz, 4,4 1 bipy) in dichioromethane gives the 
compounds RuC1 3 (AsR 3 )L 2 . These compounds are non-
electrolytes in CH 2C1 2 , and represent the first examples 
of neutral ruthenium(III) complexes containing pyrazine 
or 4,4 1 bipyridyl and tertiary arsines. The pyz and 
bipy ligands are confirmed to be present by infrared 
spectroscopy (Table 2.1) and analytical,melting point, 
molecular weight and magnetic data are given in Table 
2.2, and the electronic spectral data in Table 2.3. The 
spectral bands between 30,000 and. 50,000 cm 	can be 
assigned to internal transitions. On the other hand, 
bands between 12,000 and 30,000 cm 	(which are absent in 
the free arsines) may be reasonably ascribed to chloride-
to-metal charge transfer1822.  The values of neff  (at 
298 K) given in Table 2.2, which range from 1.40 - 
2.20 B.M. are indicative of monomeric low-spin ruthenium-
(III) compounds (t2g5)23 
The ir spectra of these compounds all show a weak 
absorption band at 1500 - 1420 cm 	(VCN). Other pyrazine 
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Fig. (2. 	infrared spectrum of Ru C1 3 As(p tolyl)3 (pyz)2 
Fig. [2.2] es.r spectrum for Ru C1 3  /\s(p-tolyl) 3 (pyz) 2 at 77 K. 
0 
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or 4, 1 -bipyridy1 absorptions are masked by the tertiary 
arsine ligand vibrations but strong '(RuC1) bands are found 
in the region 350 - 300 cm 	(Table 2.1), Figure 2.1 
indicating a trans-C1RuC1 arrangement l8. 
As expected 18  the 1H nmr spectra of these compounds 
are too broadened by the paramagnetic ion to be of much 
use in structural elucidation but esr studies in CH 2 C1 2 
at 77 K on several of the compounds show the expected 
three 'g'-value pattern characteristic of rhombic 
symmetry (Figure 2.2). Although differentiation between 
isomer (5) and (6) is not possible on this evidence alone 
the close similarity of the electronic and esr spectra of 
these compounds to that of RuC1 3 (AsPh 3 ) 2,2' bipy 2 suggests 
configuration (5) since configuration (6) is of course 
impossible with L 2 = 2,2' bipy. Configuration (5) might 
also be expected on the basis of the higher trans effect 
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Fig. [2.3] 'Hnmr spectra of Ru CI 3As Ph3 (pyz)2 
	 N) 
for Evans' method calculations. 
allowed to react with pyrazine in methanol at room 
temperature only for a very short period and then light 
petroleum (bp 60-80 °C) is added (see experimental 
section 2.24  for details) 	the neutral RuC1 3 (AsR 3 ) 2pyz com- 
plexes can be trapped out. These compounds also have 
been characterized by elemental analysis, molecular 
weight, electronic and ir spectra and room temperature 
magnetic measurements in solution 6(see Figure 2.3 and 
Tables 2.1 to 2.3). Again various geometric isomers such 






















Since all these products have a sharp melting point 
in all likelihood only one isomer is produced. 
As shown in Table 2.1 the presence of a strong ir 
band at 310 - 330 cm 	(RuC1) and the absence of 
absorptions below 280 cm 	(corresponding to bridging 
chloride) 27 indicate configuration (7) or (8) with trans 
chlorides. Although it is very difficult to distinguish 
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between these two possibilities on the basis or ir and 
electronic spectral studies the close similarity of the far-
infrared spectra to those of RuC1 3 (AsR 3 ) 2 CH 3OH, together 
with the established trans structure of the [MX 14 (PPh 3 ) 2 ] 
anions (N = Ru, Rh) suggests configuration (7) for these 
compounds. 
Unfortunately related pyrazine or 14,14 1 -bipyridyl 
bridged compounds containing triphenylphosphine could not 
be prepared in a pure state, which could be due to the 
instability of the corresponding methanolate RuC1 3 (PPh 3 ) 2-
CH 3 OH in solution. 
2.2.2 Sulphur-containing ligands 
In view of the successful synthesis of various 
neutral ruthenium(III) compounds with bifunctional nitrogen 
containing heterocyclic ligands, attempts were made to 
extend these studies to related bifunctional sulphur-
containing heterocycles such as 1,3- and 1,14-dithiane. 
A number of disulphide complexes of transition 
metals have been c la ime d 28_ 314 . However, only a few examples 
of disulphide complexes of ruthenium have been reported (see 
Ref 146), although recent interesting examples with bridging 
dithioether ligands are (10) and (11), which like [(NH 3 ) 5 -
RupyzRu(NH 3 ) 5 ](PF6)14, are cationic and contain only hard Lewis 
bases. In contrast, a number of ruthenium(III) complexes con- 
taming monodentate sulphur donor ligands and tertiary 
phosphines or arsines have been synthesized, e.g. RuC1 3 -
EPh 3 UCH 3 ) 2 S}) 2 , RuC1 3 (EPh 3 ) 2 L (L = (CH 3 CH 2 ) 2 S, Cs, 
CS2 ) 2 by reaction of RuC1 3 (EPh 3 ) 2 CH 3 OH with the 
appropriate ligands. 
Similarly it is found in this work that the 
reaction of RuCl 3 (EPh 3 ) 2 CH 3 OH with 1,3- or 1, 14_ 
dithiàne gives the related monomeric ruthenium(III) 
complexes RuC1 3 (ER 3 ) 2 dithiane or RuC1 3ER 3 (dithiane) 
and as for the bifunctional nitrogen ligands, the 
product isolated depends critically on the reaction 
conditions. 
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Thus if RuC1 3 (ER 3 ) 2 CH 3OH is reacted with an excess 
of 1,3- or 1,4 dithiane in methanol for 24 hours at 
room temperature, the product formed is RuC1 3 (ER 3 )L 2 
(where E = F, As, R = Ph or p-tolyl and L = 1,3- or 
1,4-dithiane). The presence of the dithiane 
may be confirmed by infrared spectroscopy, since the anti-
symmetric and symmetric bending frequencies of the (C-S-C) 
group occur between 50-720 cm 	(Figure 2.14). Note 
however that it is difficult to see this low-energy band 
because of masking by the intense C-H deformation band 
of the ER  ligands which occurs in this region 35 . 
Strong terminal (RuC1) bands are again observed 
between 330-300 cm 	(Table 2.1, Figure 2.14), suggesting 
the presence of a trans-RuC1 2 arrangement. All these 
compounds are soluble in common organic solvents such as 
dichloromethane, chloroform, benzene and acetone. Their 
electronic spectral data given in Table 2.3, like that 
of their nitrogen based analogues, can be assigned as 
intraligand transitions (142,000_31,000 cm- 1 ) and Cl + Ru 
charge transfer transitions at lower energies. 
The 'eff  values show clearly that the ruthenium ion 
is in the oxidation state (III), and analytical and 
molecular weight data (Table 2.2) confirm unequivocally the 
proposed formulation. The close similarity of far-ir, 
esr and electronic spectra to those of the corresponding 
RuCl 3 (ER 3 )(pyz) 2 and RuCl3  (ER  e)(14l4'  bipy) 2 suggest that 
these sulphur complexes also have configuration (5). 
Finally, when the reaction of RuCl 3 (Astolyl 3 ) 2 CH 3 OFI 
and 1,3 dithiane is carried out in methanol using 1:1 
molar ratios, the product is RuCl 3 (Astolyl 3 ) 2 1,3-
dithiane in which only the solvent molecule has been 
displaced. The compound has been satisfactorily 
characterized by the usual methods (Table 2.1 to 2.3) and 
is assigned configuration (7). 
2.2.3 Attempts to synthesize binuclear single-bridged 
complexes 
As discussed earlier (Section 21),the first inten-
tion of this work was to synthesize neutral binuclear 
ruthenium(III) complexes containing a single bifunctional 
ligand and soft Lewis base ligands. 
Despite a number of varied experiments, only one 
compound of this type has been isolated, namely 
(Ph 3 As) 2C1 3 RupyzRuCl 3 (AsPh 3 ) 2 (12). This was synthesized 
by reaction of RuC1 3 (AsPh 3 ) 2 pyz and RuC1 3 (AsPh 3 ) 2 CH 3OH 
in 1:1 molar ratios in dichloromethane under very mild 
conditions. Elemental analyses for this yellow-brown 
compound are in good agreement with values calculated for 
(12) (Table 2.2). The experimental molecular weight in 
benzene is found to be ca 1600 (required for compound (12), 
1700) 
of (Ru C1 3 (As .Ph 3 ) 2}2 pyz at T7 K Fig.[25] e.s. r. spectrum 
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The infrared spectrum shows the presence of pyrazine 
and terminal v(RuCl) bands at 320 cm 	(Table 2.1). The 
electronic spectrum in CH2 C1 2 contains peaks at 214,200, 
32,300 and 1 1,700 cm 	which can be assigned as charge 
transfer (214,200 cm- 1 ) and intraligand transitions. 
Configuration (12) is proposed for this compound on the 
basis of the stereo chemistry of both starting materials 
(7) and because the strong absorption at 320 cm 	in the 
far-infrared spectrum suggests that the trans-RuC1 2 
arrangement is retained. The esr spectrum at 77 K shows 
• strong two g-value spectrum, Figure 2.5, indicative of 
• molecular plane of symmetry. 
It should be reported that magnetic susceptibility 
measurements in dichioromethané by the Evans' method 
failed to detect paramagnetism; the most likely explana-
tion for this discrepancy is that for this sparingly 
soluble high molecular weight compound the nmr technique 
is not sufficiently sensitive to show the expected 
paramagnetism at the maximum concentration which can be 
obtained. It is also of interest that the same compound 
(12) is apparently formed when RuCl 3 ( AsPh 3 ) 2 pyz is 
dissolved in dichioromethane, presumably by displacement 
of a pyrazine group in solution. 
Electrochemical study of the complex (12) in 
dichloromethane reveals irreversible redox behaviour. 
This is a surprising observation because behaviour 
comparable with that of the compounds made by Meyer 
containing only relatively hard Lewis bases might be 
expected. These latter compounds give nice electro- 
chemical behaviour giving two reversible waves correspond-
ing to successive reductions to the Ru(III,II) and 
Ru(II,II) complexes ' 1 . The irreversible redox behaviour 
of the present binuclear Ru(III) complex (12) implies 
the instability of both oxidized and reduced products in 
solution at room temperature. It is felt that this 
apparent difference in behaviour with Meyer's compounds 
should be examined further before conclusions are drawn. 
2.3 Electrochemical Studies 
2.3.1 Introduction 
The investigation of redox properties of organometallic 
compounds has been a matter of prolonged interest, but 
only in recent years have electrochemical techniques been 
applied to these studies. The technique which is 
probably most used for this purpose is cyclic 
voltammetry because it gives a lot of information at once. 
Systematic data on the effect of coordinated ligands 
on the electrode potentials of coordinated metal ions are 
scarce. For example Kuelin and Taube 36 have studied the 
—redox potentials of [Ru(NH 3 ) 5 L] 2"3 cations where L is a 
sulphur-donor ligand such as (CH 3 ) 2S, (CH 3 ) 2S0 etc. An 
extension of these studies, carried out by Stein and 
Taube 37 , compares selenium and tellurium ligands. 
Detailed studies of [Ru(NH 3 ) 5 L] 2'3 where L = 1,2-, 
1,3-, and l,-dithiane, were carried out by Stein 29 . 
In this system a trend in the potentials is observed which 
decrease with the increase of sulphur-sulphur distance 
(0.66, 0.55, O-52 V respectively). Also, comparative 
redox potentials for [Ru(NH 3 ) 5 L] 2'3 couples with 
nitrogen, sulphur and oxygen donor ligands are available 6 . 
Such differences are by no means unique to ruthenium 
compounds; for example the series [Fe(CN)5L] 2-13- , where 
L = various oxygen and nitrogen donor ligands, shows a 
similar trend in redox potentiais 8 '. A series of 
axially ligated osmium and ruthenium porphyrin complexes-
29,240 also show variations of the metal-(II)/(III) redox 
couple though of different magnitude. In the series of 
osmium complexes Os(OEP)L 2 (where OEP = octaethyl 
porphyrin), the potential of the Os" couple shifts 
from 0.60 V, for L = NH 3 , to 0.08 V 4 where L is the 
strong -iT-acid ligand P(OMe) 3 . 
Comparisons such as those given above are expected 
to be valid when no change in geometry or electronic 
structure occurs within the series. 
2.3.2 Results 
In the present work the electrochemical behaviour 
of the monomeric compounds described in this chapter has 
been examined using cyclic voltammetry and linear a.c. 
voltammetry. The new data obtained at a Pt electrode in 
CH2 C1 2 solution at room temperature are summarised in 
Table 2.4. The general feature of these Ru(III) monomers 




Various significant trends can be seen amidst this 
body of data. Firstly it should be noted that by chance 
the rather different ligands AsPh 3 and pyridine have the 
same net effect on electrode potentials, since reductions 
of RuC1 3 (AsPh 3 ) 2py and RuC1 3 (AsPh 3 )(py) 2 coincide. 
Secondly, for the pair RuC1 3 (AsPh 3 )(py) 2 and RuC1 3 (AsPh 3 )-
(pyz) 2 we observe a difference in the reduction potential 
of 0.30 V (0.15 V/ligand) in which the pyz complex is 
more easily reduced in accord with its weaker basicity. 
Then extrapolating from these two observations for the 
pair RuC1 3 (AsPh 3 ) 2pyz and RuC1 3 (AsPh 3 )(pyz) 2 we would 
estimate a difference in the reduction potentials of 
0.15 V which is indeed observed (see Table 2.4). This 
kind of internal consistency suggests that we may look 
for systematic correlations on a broader front. 
The same phenomenon is observed in the case of mer-
RuC1 3 (PEt 3 ) 3 and mer-RuC1 3 (PMe 2 Ph) 3 in which the value of 
pKa is bigger for PEt 3 than the value for PMe 2Ph 9 
and mer-RuC1 3 (PEt 3 ) 3 is harder to reduce than the 
corresponding PMe 2Ph. In the case of mer-RuC1 3 (PEt 2 Ph) 3 
and mer-RuC1 3 (PMe 2 Ph) 3 in which the measured reduction 
potentials are the same (+0.11 V), the similarity is ex-
pected due to the close value of pKa for the two pho.s- 
49 phines (6.25 and 6.50 respectively). When the 
difference in pKa values reached 0.80, as in the case of 
RuC1 3 (AsPh 3 )py 2 and RuC1 3 (AsPh 3 )()4-CH 3 py) 2 , (see Table 
2.5), the difference in reduction potentials is 0.03 V, 
the 4_CH 3py complex of course being harder to reduce. 
Changing from AsPh 3 to As(p-tolyl) 3 in the 
complexes RuC1 3 (AsR 3 )(l,3-dithiane) 2 make the reduction 
0.05 V more difficult which is consistent because the 
As(p-tolyl) 3 ligand is a more electron-donating ligand 
then AsPh 3 . 
Again, changing from 1, 14-dithiane to 1,3-dithiane 
in the complexes RuC1 3 As(2-tolyl) 3 (dithiane) 2 causes a 
small but significant difference (0.05 V), which is very 
similar to the 0.03 V shift found for [Ru(NH 3 ) 5 dithiane]-
(PF 6 ) 3 . This' was explained in terms of the S-S bond 
distance 29.  If we make RuC1 3As2-tolyl) 3 (l,2-dithiane) 2 
we should find that this compound will be more difficult 
to reduce than the corresponding 1,3- and 1, 14-dithianes 
due to the smaller S-S distance in the ring. 
The central chemical feature of these studies on 
Ru(III) complexes is that the reduction of the 
complexes implies the formation at the electrode of the 
corresponding Ru(II) anions which are not very easily 
synthesised by existing chemical techniques. Since the 
reductions occur at fairly modest potentials (0 - 0.60 V) 
there is a possibility of producing these anions 
containing soft Lewis bases by either electrochemical 
methods (electrolysis at constant potential) or by using 
a selected chemical reducing agent appropriate to the 
measured Ered•  These studies are fully described in 
' 
' 











As an extension of these studies we have examined the 
electrochemical behaviour of Ru(II) carbonyl complexes of 
formulation RuC1 2 (CO) 2L 2 and the results are summarized 
in Table 2.6. 
In this group of complexes, the basicity of the 
ligands again has an important but variable effect on the 
redox potentials. For example in the case of cis-RuC1 2-
(CO) 2 1,10-ph en (17) and trans-RuCl 2 (CO) 2 2,2' bipy (15), 
the 1,10-phen is only 0.01 V easier to oxidize than the 
2,2' bipy analogue which is in the sense we might expect 
since 1,10-phen is slightly more basic than 2,2' bipy. 
Another good example is that trans RuC1 2 (CO) 2 (Pcy 3 ) 2 (16) 
is oxidized at +1.13 V compared with trans RuC1 2 (CO) 2 -
(quinol) 2 (16) which is oxidized at +1. 145 V. Again these 
are the sort of values we expect due to the relatively 
larger pKa value for Pcy 3 (pKa = 9.70) with respect to 
quinoline (pKa = 14.90). 
If we consider the cis RuC1 2 (C0) 2 (-pic) 2 (13) and 
cis RuC1 2 (CO) 2 1,10-phen (17) and cis RuC1 2 (CO) 2 (aniline) 2 
(13) we see that the aniline complex is hard to oxidize 
(+1.08 V), the -pic complex is very easy to oxidize 
(+0.26 V), and the 1,10-phen complex is in between those 
two values (+0.72 V). These results are expected to cor 
respond to the basicity values which decrease as the 
oxidation potential increases (see Figure 2.6). 
For the complexes cis RuC1 2 (C0) 2 (AsPh 3 ) 2 (13) and 
the corresponding PPh 3 complex, no oxidation peak was 
observed in either cyclic voltammetry or linear a.c. volt-
ammetry. We can now appreciate that since the pKa for 
PPh 3 is about 2.7 (of PMe 2Ph 6.5, quinoline 14.9), the 
oxidation potential for the PPh 3 complex is expected to 
be greater than 2.0 V (Figure 2.6), which is beyond the 
solvent potential limit. The same considerations apply 
for the AsPh 3 complex. It was to explore this that a 
compound containing the very basic phosphine Pcy 3 (pKa = 
9.7) was prepared. The complex gives an oxidation poten-
tial of +1.13 V, suggesting the family of trans-
RuC1 2 (CO) 2 (PR 3 ) 2 complexes may lie on a substantially 
different line (Figure 2.6). 
It is crucial to note that only E, values derived 
2 
from fully reversible electrode processes can be relied on 
to have thermodynamic significance so that attempted 
correlations like those of Figure 2.6 may contain 
misleading data associated with non-reversible 
electrode responses, as well as the variations in 
molecular and electronic structure. 	 - 
In 1978 electrochemical studies were reported on 
triple chloride bridged di-ruthenium complexes such as 
Ru 2 C1 14 CO(PPh 3 ) 14 20 . Replacement of CO by CS was found to 
have only a small effect on the oxidation potential (0.01 V) 
which was interpreted to mean that the other Ru ôentre, 























an extension of these studies we have now compared the 
effect of replacement of CO by CS in the monomeric anions 
[RuC1 3 CO(PPh 3 ) 2 ] and [RuC1 3 CS(PPh 3 ) 2 F. We find that the 
CS complex is more easy to oxidize by 0.2 V than the one 
containing CO (Table 2.7). This is as expected since the 
CS is believed to donate more electron density to the 
metal centre, and the size of the present difference 
confirms the earlier argument regarding non-involvement 
of the CO- or CS-bearing Ru centre in the first oxidation 
of the Ru 2" complexes. 
We examinedin detail the complexes cis RuCl 2C0(PPh 3 ) 2 -
dmf and cis RuC1 2CO(P(p-tolyl 3 ) 2 dmf and found that the 
complex containing PPh 3 is harder to oxidize since PPh 3 
is less electron-donating than the P(p-tolyl) 3 ligand, 
giving an increase in the oxidation potential of 0.18 V 
which is of the order observed by Heath and co-workers 20 . 
Finally the relative effects of CO and PMe 2Ph on 
the Ru" couple are nicely displayed by the pair of 
complexes RuCl 2 (PMe 2 Ph) and RuC1 2 (C0)(PMePh) 3 . The 
latter is harder to oxidize in accord with the supposed 
ability of CO to stabilise (d7) 6 oxidation states. The 
trend continues to RuC1 2 (C0) 2 (PMe 2 Ph) 2 (E = 1.58 V) 
although this cation ,produced at higher potentia1sis 
less stable and is seen to quickly decompose. This 
observation became more clear in the compounds 
Cs[RuC1 3 (C0) 3 J and (Cs) 2 [RuCl(C0) 2 ] in which 
Cs[RuC1 3 (C0) 3 ] is apparently very difficult to oxidize 
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since it does not occur before the onset of solvent 
oxidation. 
2.4 Experimental Section 
Molecular weights were determined in benzeron a 
Perkin-Elmer-Hitachi osmometer (model 115) at 36 ° C. 
Ir spectra were recorded in the region 14000_200 cm 	on a 
Perkin-Elmer 225 grating spectrometer, using Nujol mulls 
on caesium iodide plates. Electronic spectra were 
recorded on a Unicam SF 800 spectrophotometer using 
unmatched silica cells. 1H nmr, spectra for magnetic mom-
ents (Evans' method) 26 were obtained on .a Varian HA 100 
spectrometer. The melting points were determined with a 
Reichert hot-stage microscope. Electrochemical measure-
ments were made on a PAR Model 170 universal programmer, 
using AR dichloromethane as solvent and 0.50 N tetra-
butylammonium fluoroborate as supporting 'electrolyte. 
Ruthenium trichloride trihydrate (Johnson-Matthey 
Ltd), triphenylarsine and pyrazine (Cambrian Chemicals); 
1,3- and 1,4-dithiane (Aldrich Chemicals), tripara-tolyl-
arsine (Maybridge Chemicals); 2,2 1 - and , 14 1 -bipyridyl 
(BDH). The other compounds used in these studies were 
prepared by literature methods (see references in Tables 
2.11 1 2.6 and 2.7). Trichlorobis(triphenylarsine)methanolate- 
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ruthenium(III) was prepared as described in reference (17). 
Trichlorobis(tripara-tolyarsine)methanolate ruthenium(III) 
Ruthenium trichioride trihydrate (0. 140 g) and tripara- 
- 
	
	tolylarsine (0.80 g) were refluxed together in methanol 
(50 ml). After three hours a green solid was deposited, 
which was well washed with diethyether and air dried. 
(Yield 80%). 
Trichlorobis(triphenylarsine)(pyrazine)ruthenium(III) 
[RuCl 3 (AsPh 3 ) 2MeOH] (0.20 g) was dissolved in a solution 
of dichloromethane-methanol (0.80 g in 20ml). Excess of 
light petroleum (b.p. 60 0 - 80 0C) was added immediately to 
precipitate light green crystals of the complex which was 
washed with light petroleum (b.p. 140 - 60°C and dried 
in vacuo. 	(Yield 72%). 
Trichloro( triphenylarsine )bis (pyrazine)ruthenium(III) 
[RuCl 3 (AsPh 3 ) 2MeOH] (0.18 g) and an excess of pyrazine 
(0.80 g) in dichlormethane (20 ml) were gently refluxed 
for 5 mm. After addition of light petroleum (b.p. 
100 - 120° C), orange crystals were deposited, washed 
with pentane and air dried (76%). 
Trichloro(triphenylarsine)bis(14-14'bipyridyl)ruthenium(III) 
[RuCl 3 (AsPh 3 ) 2MeOH] (0.20 g) was stirred for 20 min under 
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nitrogen with 14_4' bipy in dichioromethane (0.70 g in 30 ml). 
The dark red solution was concentrated, followed by n-heptane 
addition which gave an orange-brown product. This was washed 
with CH 2C12- n-heptane, and air dried (70%). Trichloro(tri- 
paratolylarsine) bis( 14LI' bipyridyl) ruthenium( III) was 
prepared as for the triphenylarsine compound (69%). 
Trichloro-bis(tripara-tolylarsine) ( pyrazine) ruthenium( III) 
[RuC1 3 (Asp-tolyl 3 ) 2MeOH] (0.20 g) and an excess of pyrazine 
(0.70 g) in dichioromethane (30 ml) were gently refluxed 
for 10 mm, then addition of light petroleum (b.p. 100 - 
12000) gave green crystals, washed with n-pentane and air 
dried. 
Trichloro( tripara-tolylarsine) bis( pyrazine) ruthenium( III) 
[RuC1 3 (Asp-tolyl 3 ) 2MeOH] (0.15 g) was dissolved in dichioro-
methane (20 ml) and a solution containing an excess of 
pyrazine (0.70 g) in CH 2C1 2 (5 ml) was added, and 
immediately an excess of light petroleum (b.p. 60 0 - 80 0 C) 
was added, to precipitate oran se-brown crystals, washed 
with light petroleum (b.p. 140 - 60 °C) and dried in vacuo 
(76%). 
Trichloro(triphenylarsine)bis(1_4 dithiane)ruthenium(III) 
[RuC1 3 (AsPh 3)eOH] (0.05 g) and 1,14 dithiane were dissolved 
in methanol (6 ml), the solution shaken for 24 hours and 
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brown crystals were deposited, which were washed with 
diethyl ether and air dried (60%). The 1-3 dithiane 
compound was prepared as for the 1_4 dithiane compound 
(62%). 
Trichloro( tripara-tolylarsine) bis( 1-3 dithiane) ruthenium( III) 
[RuC1 3 (Asp-tolyl 3 ) 2MeOH] (0.07 g) and 1-3 dithiane (0.06 g) 
were dissolved in methanol (10 ml), the solution was shaken 
for 214 hours, brown crystals were deposited, washed with 
diethyl ether and air, dried (62%). The corresponding 1-14 
dithiane complex was prepared by the same method. 
Trichloro-bis(tripara-tolylarsine)(1-3 dithiane)ruthenium(III) 
[RuCl 3 (Asp-tolyl 3 ) 2MeOH] (0.30 g) and 1-3dithiane (0.0 14 g) 
[1:1 molar ratio] were dissolved in methanol (10 ml), the 
solution was shaken for 211 hours and the resulting green 
crystals were washed with diethyl ether and air dried (70%). 
Trichloro(triphenylphosphine)bis(1-3 dithiane)ruthenium(III) 
[RuC1 3 ( PPh 3 ) 2 CH 3OH] (0.05 g) and 1-3 dithiane (0.06 g) were 
dissolved in CH 2C1 2 (10 ml), the solution was shaken for 3 
hours, dark crystals were slowly deposited, washed with 
diethyl ether and air dried (68%). The corresponding 1-14 
dithiane compound was prepared by the same method (71%). 
p-pyrazine-bis [trichlorobis(triphenylarsine)ruthenium(III)] 
[RuC1 3 (AsPh 3 ) 2 Pyz] (0.05 g) was dissolved in methanol (15 ml). 
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The solution was heated and stirred for 10 mm, then 
[RuC1 3 (AsPh 3 ) 2MeOH] (0.05 g) was added, the solution was 
heated under reflux for 1.5 hours when brown crystals 
were deposited which were washed with pentane and air dried. 
Table 2.1 	Infrared spectra of some new ruthenium(III) 
compounds (cm - 1 ) 
S-ligand N-ligand 
Complex absorptions absorptions v(RuC1) Others 
RuC1 3 (AsPh 3 ) 2 L 
L = pyz - 1420 310 - 
CH 3OH - - 330 - 
RuC1 3 (Asp-tolyL 3 ) 2 L 
L = pyz - 1 1400 330 260 
1,3 dithiane - - 330 310 
CH 3OH - - 330 312,290 
RuC1 3 (AsPh 3 )L 2 
L = pyz - 1 1422,1 1418 3140 320 
14,14' 	bipy - 1590,11400 320 - 
1,3-dithiane 892 - 328 - 
1, 14-dithiane 910 - 320 - 
RuC1 3 As (2-tolyl)3L2 
L = pyz - 1 1410 3 140 330 
14,14' 	bipy - 1595,11405 330 310,290 
1,3-dithiane 915 - 328 308,280 
1, 14-dithiane 915 - 330 310 
{RuC1 3 (AsPh 3 ) 2 } 2 pyz - 11408 320 300,285 
RuC1 3 (PPh 3 ) 2CH 3OH - - 320 - 
RuC1 3 PPh 3 (l,3-dithiane) 2 915 - 330 310 
RuC1 3 PPh 3 (l, 14-dithiane) 2 898 -. 328 300,280 
Pyrazine - 11410 - - 
14,14' 	bipyridyl - 1590 - - 
1,3-dithiane 910 - - - 
1, 14-dithiane 900 - - - 
Melting 1effb 
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Table 2.2 	Analytical data for some new Ru(III) compounds 
Cab 	% Found % 
Molecular 
Complex CH N C H N Colour We1j.. 
[RuC1 3 (AsPh 3 ) 2 Pyz] 53.14 3.8 3.1 53.14 3.8 3.14 green 989(890) 
[RuCl 3 (AsPh 3 )(Pyz) 2 ] 146.14 3.14 8.3 146.7 3.14 8.3 orange 127 14(673) 
[RuC1 3AsPh 3 (14,14'-bipy) 2 ] 55.2 3.7 6.7 55.0 3.8 6.6 orange 9141(825) 
[RuCl 3AsPh3 (l,tIdtn) 2 ] 141.14 14.1 - 141.3 14.0 - brown 782(753) 
[RuC1 3AsPh 3 (l,3-dithiane) 2 1 141. 14 14.1 - 141.2 14.1 - brown 901(753) 
[RuC1 3(AsPh 3 ) 2CH 3OH] 52.1 14.0 - 52. 14 3.8 - green. 1031(852) 
[RuC1 3 (Asp-tolyb 3 ) 2 Pyz] 56.0 14.6 2.8 514.6 14.6 2.1 green - 
[RuC1 3 (As(p-tolyl) 3 )(Pyz) 2 ] 148. 14 1 . 14 7.8 149.0 14.3 7.14 red-brown 112 14(716) 
[RuC1 3As(p-tolyl) 3 ( 14, 14'-bipy) 2 ] 56.5 14.6 6.14 55.3 14.1 6.3 orange 893(868) 
[RuC1 3 As(p_tolyl) 3 (1,tI_dithiane) 2 ] 143.7 14.6 - 143.9 14.6 - brown 957(796) 
[RuC1 3As(p-tolyl) 3 (1,3-dithiane) 2 ] 143.7 14.6 - 143.1 14.6 - brown 940(796) 
[RuC1 3 (Asp-tolyl 3 ) 2CH 3QH] 55.1 14.9 - 56.2 14.7 - green 1085(93 14) 
[RuC1 3 (PPh 3 )(1,3-dithiane) 2 ] 113.9 14.3 - 1414.3 14.5 - green - 
[RuC1 3 (PPh 3 )(1, 14-dithiane) 2 ] 143.9 14.3 - 1414.14 14.5 - green - 
Table 2.2 	Analytical data for some new Ru(III) compounds (contd) 
Complex 
[RuC1 3 ( PPh 3 ) 2  MeOH]  
[RuCl 3 (As( p-tolyl) 3)2(1,3  dtn)] 
[RuC1 3 (AsPh 3 ) 2 1 2  Pyz 
Analysis 
Calc % Found % Molecular Melting 
C 	H 	N C H 	N Colour Weight a b Point 0 C 	eff- 
58.1 	4.4 	- 57.1 4.4 	- green - 140-141 	1.36 
53.9 	14.8 	- 54.0 14.8 	- green 1178(1023) 160-161 	1. 145 
53.0 	3.7 	1.6 51.14 3.7 	1.14 yellow- 1570(1719) 193-1914 
brown 
a determined osmometrically in benzene at 36 0C, calculated values in parentheses. 
b by Evans' method in CH2Cl2. 
Wel 
Table 2.3 	The electronic spectra (50,000 - 12,000 cm) of 
some new ruthenium(III) compounds in CH 2.2-12 
Intra Other 
ligand bands 
Compound 10 14 v 
b - 
10.. J4 	b 
v - 
[RuCl 3 (AsPh 3 ) 2 Pyz] 4.214(2.0) 2.145,3.27 
[RuC1 3AsPh 3 (Pyz) 2 ] 14.25(2.0) 2.85,3.92 
[RuCl 3AsPh 3 ( 14-14'bipy) 2 3 14.00( 14.17) 2.90 
[RuC1 3A5Ph 3 (1,3 dithiane) 2 ] 3.72(2.39) 3.32,14.22 
[RuC1 3AsPh 3 (l,14 	dithiane) 2 ] 3.90(2.20) 3.81,4L09, 14.10 
[RuC1 3 (AsPh3 ) 2 CH 3 OH] 14.23(1.11) 14.02 
[RuC1 3 (Asp-tolyl 3 ) 2Pyz] 3.32(0.57) 2.47,2.90 
[RuC1 3 (As(p-tolyl) 3 )(1,3 	dithiane) 2 ] 14.2O(3.36) 3.30,3.7 14 
[RuCl 3 (As(p-to1y1) 3 )()4-)4'bipy) 14.10(3.57) 2.90 
[RuC1 3As(p-tolyl) 3 (1, 14dithiane) 2 ] 14.20(3.25) 3.33,3.711 
[RuC1 3 (Asp-tolyl 3 ) 2 (1,3 dithiane)] 3.15(1.10) 2.25 
[RuC1 3 (Asp-tolyl 3 ) 2 CH 3OH] 14.23(3.66) 2.80 
[RuC1 3 (PPh 3 )(1,3 	dithiane) 2 ] 14.20(2.57) 3.40 
[RuC1 3 PPh3 (1, 14 dithiane) 2 ] 14.17(2.52) 2.25 
[RuC1 3 (PPh 3 ) 2 CH 3OH] 14.214(2.11) 3.65,3.75 
{RuC1 3 (AsPh 3 ) 2 2 Pyz} 14.17(14.07) 2.142,3.23 
a 	maximum molar extinction coefficient (molcm 1 ) x 1O 14 
in parentheses. 
b 	band energy (cm) 
100 
Table 2.24 	Electrode potentials for some monomeric Ru(III) 
complexe s  
RuC1 3 (AsPh 3 ) 2L 	 11/111 
L = 	Fy21 (21) 0.0(r) 
14MePy(18) 0.0(r) 
MeCN (18) +0.12(r) 
+0.15(r) 
PhCH 2CN (18) +0.15(r) 
PhCN. (18) +0.17(r) 
RuC1 3 (AsPh 3 )L 2 
L 	= 	Py (18) 0.0(r) 
14MePy 	(18) -0.03(r) 
4-41 	bipyb 	S +0.08(r) 
1,3 dithianeb +0.20(r) 
1,4 dithianeb +0.20(r) 
+0.27(r) 
RuC1 3 (AsPh 3 )L 
L = 2-2' bipy (18) 	+0.05(r) 
1-10 phen (18) 	+0.06(r) 
RuC1 3 (Asptolyl 3 )L 2 
L = Pyz 	 +0.29(r) 
1-3 dithianeb 	+0.20(r) 
114 dithianeb 	+0.15(r) 
Table 2. 11 (contd) 
RuC1 3 ( PPh 3 ) 2L 
L = Py21 	 +0.02(r) 
MeN0 2 113 	 +0.33(r) 
thfl 8 	 - 
RuC1 3 ( PPh3)2-2' bipyl8 	+0.05(r) 
RuC1 
L = PMe 2Ph 14 	 +0.111(r) 
Me 2S 116 	 +0.12(r) 
PEt 2Ph 115 	 +0. 144(r) 
AsEt 2Ph 115 	 -0.02(r) 
PEt 3 	 0.00(r) 
RuBr 3 (PMe 2 Ph) 3 	 +0.12(r) 
Methods of preparation as reference in parentheses. 
a E, volts, at 20 °C in CH 2C1 2/0.5 MTBABF vs 
Ag/AgI at which ferrocene is oxidized at +0.60 V. 
WIN 
b new complexes. 
Table 2.5 , pKa values for some ligands 
Ligand 	 pKa a  
Pcy 3 9.70 (149) 
PEt 3 8.69 (149) 
PMe 2Ph 6.50 (119) 
PEt 2Ph 6.25 (149) 
4-CH 3 py 6.02 (50) 
-pico1ine 5.68 (50) 
pyridine 5.25  
quinoline 14.90  
1,10-phen 14.8 11  
4 1 24 1 ...bipy 4.82  
aniline 14.63  
2,2 1 -bipy 14•414  
PPh 3 2.73 (149) 
pyrazine 0.65 (50) 
102 
a. references in parentheses. 
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Table 2.6 	Cyclic voltammetry and linear a.c. voltammetry 
of some ruthenium(II) compounds 
Compound 	 Electrode Potential  
E 1 (V) 
2 
RuCl 2 ( CO) 2L2C 
L 	= 	PPhb,17 	(13) - 
AsPhb,17 	(13) - 
AsEt 2Ph 145 	(1 14) +1.80 	(pr) 
PMe 2Ph 51 	(13) +1.58 	(i) 
aniline 52 (13) +1.08 	(i) 
-pic 17 	(13) S 	+0.26 	(i) 
RuC1 2( CO) 2 L  2 
L = Pcy 3 27 (16) 	 +1.13 (pr) 
quinoline17 (16) 	 +1.145 (pr) 
PPr 2 27 Ph (16) 	 +1.56 (r) 
cis-RuCl 2 ( CO) 2(1,10-phen) 52 (17) 	 +072 (r) 
trans-RuC1 2(C0) 2(2,2'-bipy) 52 (15) 	 +0.73 (r) 
a. 	E, in volts at 22° C, CH 2C1 2/0.5 MTetrabutyl ammonium 
fluo5roborate vs Ag/AgI at which ferrocene is oxidized 
at +0.6 V. 
b. 	No oxidation peak was observed. 
C. 	Configuration in parentheses. 
lOLl 
Table 2.7 	Cyclic voltammetry of some ruthenium(II) compounds 
Complex 	 E2a( V) 
cis-Ru " Cl ( PMe Ph) (48) 
	
+0.97 (r) 
II cis-Ru C1 2CO(PMe 2 Ph) 3 (51) 	 +1.18 (r)  
11) 	 (51) cis-Ru +1.58 (i) 
cis-RuC1 2CO(PPh 3 ) 2 CH 30H 53 	 +1.16 (qr) 
cis-RuC1 2CO(PPh 3 ) 2 dmf53 	 +1.23 (r) 
cis-RuCl 2(C0)(Pptolyl 3 ) 2dmf53 	 +1.05 (r) 
B zPh3 P[R uC1 3 COC 7 H 8 ]SLl 	 +0.84 (i) 
BzPh 3 P[RuC1 3 CO(PPh 3 ) 2 ] 55 	 +0.93 (r) 
EtLIN[RuC13CS(PPh3)2]56 	 +0.76 (r) 
Cs[RuC1 3 (C0) 3 ] 	 - 
(Cs)2[RuC1LI(C0)2] 	 +0.86 (r) 
a. 
	
	E, in volts at 22 °C. CH 2C1 2/0.5 TBABFLI  vs Ag/AgI 
at which ferrocene is oxidized at +0.60 V. 
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A1'MrTY 
The Electrochemical Behaviour of mer-RuC1 3 ((CH 3 ) 2 J3 
Introduction 
In Chapter 2 a wide, range of ruthenium(II) and 
ruthenium(III) complexes have been presented and electro-
chemical data were given. These complexes undergo 
reversible one-electron oxidation or reduction steps. A 
more detailed study of the d.c. electrode response for one 
typical complex is given in this appendix. The complex 
mer-RuC1 3{(CH 3 ) 2S} 3 has been chosen since this complex 
seems to be stable for a long time in dichloromethane and 
is also relatively easy to synthesize and purify. Two 
techniques are used for this purpose; single sweep 
voltammetry with a platinum rotating disc electrode, and 
cyclic voltammetry using the platinum disc as a stationary 
working electrode. 
Linear voltammetry at the rotating disc electrode 
The rotating disc electrode which usually consists of 
the flat polished end of a conducting - cylinder (Pt, Au, C, 
etc) set into an insulatingtube (teflon, glass etc) has 
been of great service in the study of electrochemical 
reactions. In our laboratory the rotating disc electrode 
(Tacussel) has a diameter of 2.0 mm and its angular 
velocity is controlled with an accuracy of 1%' in the range 
50-5000 rpm. The mass transfer for a rotating disc 






electrode is carried out by a combination of convection and 
diffusion and the limiting current is given by 




n 	= number of electrons 
F 	= 96,500 (coul/mol) 
A 	- area of electrode (cm 2 ) 
Co 	initial concentration (mole-cm 3 ) 
Do = diffusion coefficient (cm 2- see - ) 
w 	- angular velocity of the disc (rev-sec) 
v 	= kinematic viscosity (cm 2 -sec ) 
since n 	1; Co = 4.67 x l0_6  mole-cm-3 ; A - 3.1 x 10_ 2 
cm  and v = 0.339 x l0_2  cm 2- sec - ', substitution in [A.l] 
gives 
'lim = 0.0226 Do 2/3w  112 
	
[A.2] 
Experimental data: (taken from Figure [A.11) 
N(rev/min) w = 	2irN Iiim(A) x 
10  
2000 209.' 130.3 
1750 183.2 122.0 
1500 157.1 112.6 
1250 130.9 102.7 
1000 104L7 91.3 
750 78.5 79.5 
500 52.3 63.7 
250 26.2 43.7 
a 	in CH 2C1 2/0.5 M TBABF 	at 25°C 
15 
lot 	 '7 Pt  rotating 	disc electrode 
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110 
By plotting 'urn  vs w 2 , Figure [A.2] was obtained; 
this straight line passes through zero which is one of the 
criteria of reversibility. The slope of this line is 
measured as 9.00 x l0_6, therefore 
0.0226 D 2"3 = 9.00 x 10_ 6 
D = 7.96 x 10-6  cm 2 -sec . 
Cyclic Voltammetry 
This technique was described in Chapter 1. The peak 
is given by 
2.69 x 10 5 nACoD 2 v 2 
	
[A.3] 
where A, n, Co, D have the same meaning as described above 
and v = scan rate (volts-sec- 1 ) 
Experimental Data: (taken from Figure [A.31) 
I(AmP) x 10 6 	 <V-sec) 	 v 2 
74.8 	 0.5 	 0.707 
53.5 0.2 0i47 
3.6 0.1 0.316 
211.4 0.05 0.223 
since Co = 4L67 x 10_ 6  mol-cm 3 , A = 3.14 x 10 -2 cm  and 
n = 1, substituting the experimental values in [A.3] gives 
I p = 39.4 x 103D2v 12 
	
[A.!!] 
a for mer-RuC1 3{(CH 3 ) 2S} 3 in CH 2C1 2/0.5 M TBABF!!  at 25°C 




Fig EA.4] 	I P 
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One of the reversibility criteria is to plot 
values vs V2  which should be a straight line through zero, 
having a slope in this instance of 39.1414 x 1O3D2. The 
plot obtained in this experiment is given in Figure[ A.14] 
and confirms that the electrode process is fully diffusion-
controlled. The-measured slope of this line is 10.57 x 
io 3 ; therefore 10.53 x 10 	= 39.1414 x 103D2, that is 
D = 7.18 x 10_ 6  cm 2-sec. 
For a static electrode measurement this result 
represents avery creditable agreement with the more 
reliable rotating disc value above. 
We note also that the forward peak potential is 
invariant with scan rate and that the measured peak to peak 
separation is approximately 62 mV (cf the theoretical 
59 mV/n separation for an n-electron reversible step at 
25 ° C. 
Another aspect of reversibility is the ratio i pa"pc 
(see Figure [A.5a]) which should be equal to unity for an 
electron transfer which is not accompanied by subsequent 
irreversible chemical reaction, that is, where the electro-
generated product is stable on the electrochemical time 
scale. To determine peak-current ratios, eq [A.6] is used 
as illustrated in Figure [A.5b]. This empirical relation-
ship is designed to overcome the difficulty of locating 
57 the correct base line. 
(i 
i 	 i rev = _ pa 
rev) 0 A ° 1 	 1 pfor 	PC 
58.2 25.6 1.03 
36.2 18.9 0.93 
22.8 12.6 0.92 
13.7 9.4 0.83 







p r ev 	p rev 	+ 0.58 	+ 0.086 	[[A.6] 
'p for p fr o  
where subscript 'o' indicates measured with respect to 
current zero line; also 'for' = forward,'rev' = reverse. 
4  icp ia 
Fig. [A.5] 
(a) (b) 
Experimental Data: 	(taken from Figure [A.31). 
These values suggest that the peak current ratio de-
creases slightly from unity at the longest time scales. 
Unfortunately, it is not practicable to use much slower 
scan rates than 0.05 V-sec 	in cyclic voltammetry, but the 
possibility that [RuC1 3 (CH 3 ) 2S) 3 ] and related complex anions 
might have limited life timesis further explored in Chapter 3. 
a for mer-RuC1 3 ((CH 3 ) 2S) 3 in CH 2 C1 2 /0.05M TBABF at 25°C. 
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CHAPTER III 
PREPARATIVE SCALE ELECTROCHEMICAL AND CHEMICAL REDUCTIONS 
OF SELECTED mer-MC1 3(PR 3)3 M = Os, Ru; PR  = PMe 2Ph, PEt 2Ph 




The chemistry of ruthenium(III) and ruthenium(II) 
compounds has proved to be an exceedingly rich area of 
recent exploration. Of particular importance is the feature 
that ruthenium(II) and ruthenium(III) complexes are reasona-
bly inert to substitution of coordinated ammonia and 
numerous other ligands. Thus, valid experimental 
comparisons can be made of the reactions and properties 
of such ligands under the influence of coordination to 
ruthenium(II) and ru.thenium(III) metal ions. Generally 
it is found that the low-spin d 6 ruthenium(II) ion is an 
especially good 7-electron donor when coordinated to 
unsaturated monodentate or bidentate ligands13 . Conversely 
the d 5 ruthenium(III) ion is a good ri-acceptor metal ion 
because of the vacancy in its t 2 d-orbital subshell and the 
increased positive charge. Thus the sharply contrasting 
states and their shared substitutional inertness enable 
a ligand in one environment to be rapidly switched to a 
significantly different environment by simple electron 
transfer reactions. 
The detection and, in particular, the isolation of 
organometallic species related by reversible redox 
reactions are of interest for two main reasons. First, it 
is likely that the loss, or gain, of one electron. will lead 
to a considerable modification in the reactivity of a 
complex. For example, the oxidised form of a redox-
related couple will.be more reactive towards nucleophiles 
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than the reduced form. Secondly, studies of spectroscopic 
and structural changes which occur on reversible oxidation 
or reduction have already yielded a great deal of informa-
tion on the bonding in polynuclear organometallic species. 
For example, X-ray crystallographic studies have shown that 
the highest occupied orbital in the reduced form is pre-
dominantly an antibonding metal-metal one in character. 
In view of this and also the small amount of 
published work on convenient methods of synthesising 
anionic ruthenium(II) complexes containing group VB and 
VIB donor ligandsa detailed study of the reduction of 
mer-MC1 3 (PR 3 ) 3 compounds by chemical and electrochemical 
methods has been undertaken in an attempt to synthesize 
mer-[MC1 3 PR 3 F anions. 
The complexes mer-MC1 3 (PR 3 ) 3 were chosen as starting 
materials for two reasons; firstly they are relatively easy 
to synthesize and purify.. Secondly, in previous work 
using cyclic voltammetry and a.c. polarography (see Chapter 
2, Section 2.3) it was found that these compounds are 
reversibly reduced at low potentials to the corresponding 
mer-[MC1 3 (PR 3 ) 3 ] anion in solution, and in the case when 
N = Os, the formation of the mer-[OsCl3 (PR 3)3] cations 
in solution is also observed. 
3.2 Chemical and Electrochemical Reductions in Non- 
Coordinating Solvents 
3.2.1 Chemical Reductions 
When the complex mer-RuC1 3 (PMe 2 Ph) 3 was dissolved in 
IR u 2  C ( 4 ( P H e2ç) 51 
+ 30.8 PPM 
Cl 	/ PX 
-Ru-Cl- Ru —i 
/ 	 \ 
Px 
3 =35.6 Hz 
3 = 96.3 Hz 
vent - CD Cl 3 
Px 
Fig. [3.1] 31p  ['H] n m r spectrum of Ru2CI4(PMe2Ph)5 in CD C13 at 298 K 
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tetrahydrofuran (thf) and reduced by zinc amalgam 	at 
ambient temperature, a green solution was formed. This 
change of colour from brown to green suggested either a 
change in the structure and/or a change in the oxidation 
state of the mer-RuC1 3 (PMe 2 Ph) 3 complex. After leaving the 
reaction for 48 hours, the remaining zinc amalgam was sepa-
rated, then the resulting dark-green solution evaporated to 
dryness under an inert atmosphere to produce a dark green 
solid. The same product was formed when sodium metal was 
used as the reducing agent (see Experimental Section 3.5). 
The dark green solid consisted mainly of the previously 
unknown binuclear complex Ru 2Cl(PMe 2 Ph) 5 plus a small amount 
of Ne 2PhPO (6 + 36 ppm). This was identified by its 
31 P-{ 1 H} nmr spectrum which shows the expected AB  pattern 
and singlet of relative intensity 3:2 (Figure 3.1) (cf ear-
her studies in other Ru 2Cl(PR 3 ) 5 compounds 7 . The AB  
pattern was analyzed using the method described by 
Akitt. 
Elemental analyses, an osmometric molecular weight 
determination in benzene, and 'H nmr spectral studies 
also support this formulation (see Tables 3.1 and 3.2, and 
Experimental Section 3.5 for details). 
PhMe 2 P 	 Cl 
 _ _ _ 
PhMe P 	Ru 	Cl 	Ru 	PMe 2Ph 









expansion to 2,500 Hz 
4.1 
IS 
Fig. [3.2] Chemical reduction of mer-RuCI3(PM82Ph)3  by Zn amalgam In CH2 Cl2 
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In an attempt to ascertain more about the reaction 
pathways leading to complex (1.) the reaction was carried 
out for 24 hours instead of two days. Under these conditions 
other compounds were formed in addition to Ru 2Cl(PMe 2 Ph) 5 . 
The 	31p_{ 1  H)nmr spectrum in CDC1 3 of this 
material at 301 K (Figure 3.2) shows two additional strong 
signals at 6 146.8 and 20.7 ppm. The former resonance is 
broad probably because of facile intramolecular scrambling 
of PMe 2Ph groups at this temperature and it: -is assigned to 
the coordinatively unsaturated RuCl 2 (PMe 2 Ph) 3 (cf 
related studies on RuC1 2(PEt 2 Ph) 3 and the other strong 
peak corresponding to the known compound[Ru 2C1 3 (PMe 2 Ph) 6 ]C1 6 . 
If the nmr tube is then left for a further day at ambient 
temperature, the resonances corresponding to compound (1 ) 
almost disappear and the other two peaks increase in 
intensity. 
If the reduction of mer-RuC1 3 (P.Me 2 Ph) 3 is carried out 
at 209 K, 31 P-{ 1 H}nmr studies of the product show that other 
species are formed in addition to those described above. 
Unfortunately, most of these could not be identified on the 
basis of nrrir spectroscopy alone although they are almost 
certainly due to intermediates in the formation of 
Ru 2 C1 14 (PMe 2 Ph) 5 since on leaving the nmr tube containing 
these species for five days at room temperature, all the 
additional resonances disappear except for those assigned 
to RuC]2(PMe 2 Ph) 3 , ()- 6 142.5 ppm) Ru 2Cl 14 (PMe 2 Ph) 5 and a small 
singlet at 6-8.0 ppm. The latter resonance might be due to 
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the presence of some fac-[RuCl3(PMePh)3] anion or more 
likely to some trans-RuCl 2(PMe 2Ph) (see below). If this 
solution is then cooled down from 298 K to 193 K further 
changes occur. At 273 K the size of the peak corresponding 
to RuC1 2(PMe 2 Ph) 3 is larger than those corresponding to 
Ru2Cl(PMe 2 Ph) 5 ; at 253 K this intensity ratio has reversed 
and this remains constant from 233 K to 193 K. These 
temperature studies suggest that the monomer rearranges 
exothermically to Ru2Cl( PMe 2Ph) as the temperature is 
lowered from 273 to 253 K, but below this temperature 
kinetic control hinders further dimerisation. Analogous 
results have been found for the related RuCl 2(PEt 2 Ph) 3 
complex (ref 7). 
When the reduction of mer-RuCl 3 (PMe 2 Ph) 3 is carried out 
in the presence of large amounts of free PMe 2Ph i 31 P-{ 1 H} 
nmr studies show that the main product has a strong signal 
at 6-8.7 ppm and this is attributed to trans-RuCl 2(PMe 2Ph) 
(cf the small singlet in the 31 P-{ 1H} nmr spectrum of the 
material isolated at 209 K) . Small amounts of 
[Ru 2Cl 3 (PMe 2 Ph) 6]Cl and Me 2PhPO (singlet at 635.0 ppm) are 
also formed. 
Finally, if the reduction of mer-RuC1 3 (PMe 2 Ph) 3 is 
carried out in the presence of an excess of [Et 14N]C1, 
the main product formed is still Ru 2Cl(PMe 2Ph) and 
other uncharacterized products. This clearly indicates that 
the 31 P nmr singlet at 6-8.7 ppm is not due to the fac-
[RuCl 3 (PMe 2 Ph) 3 ] anion. While a consistent distribution 
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of products according to time was not observed in these 
preliminary experiments, extensive subsequent work has pro-
vided a reliable route to a reproducibly high yield of the 
new class of compounds Ru 2C1(PMe 2 Ph) 5 (see Experimental 
Section). 
All these observations are consistent with the 
reaction pathways shown in Scheme 3.1, namely facile 
chloride loss from the initial reduction product, mer-
[RuCl 3 (PMe 2 Ph) 3 ], to give the coordinatively unsaturated 
RuC1 2(PMe 2 Ph) 3 . As demonstrated elsewhere for the related 
RuC1 2(PEtPh 2 ) 3 7 , this will then undergo facile 
dimerisation reactions to generate both Ru 2Cl(PMe 2 Ph) 5 
and [Ru 2C1 3 (PMe 2Ph) 6 ]C1 complexes. 
Scheme 3.1 
2-RuC1 3  (PR 3)3 Zn amalgam 
	2mer-[RuC1 3 (PR 3 ) 3 ] 
- Cl 
+PR 
2trans-RuC1 2 (PR 3 ) 	 - 
	
2RuCl 2 ( PR 3 ) 3 	• 2RuC1 2(PR 3 ) 3 L 
4 PR   
[Ru 2Cl 3 (PR 3 ) 6 ]Cl 	 2Ru2Cl (PR 3 ) 5 + PR  
When the compound mer-RuC1 3(PEt 2 Ph) 3 is reduced by 
zinc amalgam in CH 2C1 21  31 P-{ 1 H} nmr studies show that the 
reduction products are analogous to those •obtained by 
reduction of mer-RuC1 3 (PMe 2 Ph) 3 . Thus the 31 P-{ 1H} nmr 
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spectrum of the isolated material in CDC1 3 at 301 K shows 
a sharp singlet at 6 35.7 ppm which corresponds to the known 
complex [Ru 2C1 3 (PEt 2 Ph) 6]C1 together with a stronger 
resonance at 6 14 14.2 ppm (singlet) and 6 314.9 ppm (AB 2 
pattern) , which corresponds to the previously characterized 
complex Ru 2 C1 14 ( PEt 2Ph) 
Similar behaviour is observed ( 31 P-1 1H}nmr evidence) 
when mer-RuC1 3 (PEt 3 ) 3 is reduced by Zn amalgam in CH 2C1 2 
and the binuclear complex Ru 2 Cl 14 (PEt 3 ) 5 is the major product. 
All these observations are consistent with the reaction 
pathway shown in Scheme.3.1, although no RuC1 2(PEt 2Ph 2 ) 3 
or RuCl 2 (PEt 3 ) 3 intermediates were detected. This is 
probably due to the very facile rearrangement of these 
complexes in solution (cf the earlier attempts to 
isolate RuC1 2 (PEt 2 Ph) 3 by reaction of RuCl 2(PPh 3 ) 3 with 
PEt 2 P in non-polar solvents 7 ). 
However, when mer-OsCl 3 (PMe 2 Ph) 3 was reduced with 
zinc amalgam under the same conditions as its ruthenium(III) 
analogues, the only product obtained was the well-known 
[Os 2Cl 3 (PMe 2 Ph) 6 ]Cl which exhibited a sharp singlet at 
6-35.6 ppm in its 31 P-{ 1 H} nmr spctrurn in CDC1 3 (between 
213 and 301 K). The same product is formed when the 
reduction is performed in chloroform or acetone or when 
mer-OsCl 3 (PMe 2 Ph) 3 is reduced in acetone or 
dichloromethane with sodium metal rather than zinc amalgam 
(see Experimental Section for details). If further work 
establishes that the preferential formation of 
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[Os 2Cl 3 (PMe 2 Ph) 6 ]Cl is typical of the osmium systems, it may 
be that Os-P bonds in the probable intermediate OsC1 2(PMe 2  Ph) 3 
are too kinetically inert to undergo dissociation and direct 
dimerisation via further chloride loss is preferable (cf 
Scheme 3.1). This is a pity since no neutral binuclear 
osmium(II) complexes of type Os 2Cl (PR 3 ) 5 are in fact 
known. 
3.2.2 Electrochemical Methods 
The use of electrochemical methods for preparative 
scale reduction of inorganic compounds has several 
advantages over chemical methods. First, since the redox 
properties of the material can be examined initially using 
electrochemical techniques such as coulometry and cyclic 
voltammetry it is possible to obtain a better understanding 
of the redox behaviour of the system. Secondly, since the 
potential can be precisely controlled a greater selectivity 
in reducing conditions is possible, and thirdly, side 
reactions incorporating constituents of the chemical redox 
reactions are eliminated. 
Earlier (Chapter 2, Section 2.3.2), it has been found 
by CV and acV techniques that the compound mer- 
RuC1 3 (PMe 2 Ph) 3 undergoes a reversible, one electron 
reduction at +0.14 V in CH 2C1 2 containing 0.50 M BuN.BF 
(measured vs a Ag/AgI electrode at which Fe(C 5H 5 ) 2 is 
oxidized at +0.60 V). The preparative scale electro-
chemical reduction of this compound in CH 2 C1 2 has now 




Fig. [3.3J Cyclic voltommetry of RuCI 3 (PMe2Ph)3 in CH 2 Cl 2/0.2 M Et4 N BE4 
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[RuC1 3 (PMe 2 Ph) 3 ]_ could be generated in bulk and ultimately 
isolated. 
However, even identical experimental conditions do not 
ensure the formation of identical products at microelec-
trodes and macroelectrodes 12 . For example, processes too 
slow to be detected during the time of a voltammetric ana-
lysis may proceed to completion during controlled potential 
electrolysis. Also, the higher concentrations of electro-
active species used in controlled potential electrolysis 
may increase the occurrence of second order reactions not 
observed at the microelectrode. Thus, it was found at high 
concentrations (0.015 M) of the electroactive species 
that the reduction process is not 100% reversible and also 
that other species appear during the cyclic voltammetric 
experiment (Figure 3.3). In this case 1Ox'red  is less than 
unity at conventional scan rates which means it is not a 
completely reversible reaction since the initially formed 
electrode product undergoes further chemical reactions 
to a new redox-active species. In an attempt to determine 
the nature - of the product which gives rise to the 
additional peak 'b' (Figure 3.3), [EtN]C1 was added 
progressively to the solution and this led to a decrease 
in the intensity and final disappearance of peak 'b' at 
0.10 M [c11. Therefore it is suggested that this peak 
corresponds to the oxidation of RuCl 2(PMe 2 Ph) 3 which is 
being produced by facile chloride loss from the initial 
reduction product mer-[RuC1 3(PMe 2 Ph) 3 ] ( cf 31 P-{H} nmr 






Fig. [3.4] ElectroreductiOfl of mel-
at 298 K and -0.6V. 




amalgam reaction - Scheme 3.1). 
Unfortunately it has not been possible to prepare a 
pure sample of the complex RuC1 2(PMe 2 Ph) 3 in order to 
compare its oxidation potential with that observed in 
Figure 3.3 since reaction of RuC12(PP.h3)3 or 4 with an 
excess of PMe 2Ph in' petroleum ether (bp 60-80 C) gave 
cis-RuC1 2( PMe 2Ph) which rapidly rearranged to 
[Ru 2C1 3 (PMe 2 Ph) 6 ]C1 in' more polar media 7 . 
In the light of these results an attempt was made to 
generate the anionic complex mer-[RuC13(PMe2  Ph) 3] in a 
chloride rich medium. The compound mer-RuC1 3 (PMe 2 Ph) 3 
was reduced at a constant potential of 0.4 V in CH 2C1 2/ 
0.50 M EtNCJ using a three compartment cell (see 
Experimental Section for details). The electro-reduction 
process was monitored by the current decay (Figure 3.4) 
and after ca 95%' total reduction, the solution was 
concentrated and its 31 P-{ 1 H}nmr spectrum obtained at 
301 K. This consisted of a sharp singlet at 6-8.6 ppm 
(assigned to trans-RuCl 2(PMe 2 Ph) ) another singlet at 
6 35.5 ppm (Me 2PhPO) and the characteristic resonances of 
the previously identified complex Ru 2Cl(PMe 2 Ph) 5 (see 
Section 3.2.1). On leaving this solution at room tempera-
ture for several days, the trans-RuCl 2(PMe 2Ph) complex 
rearranged' to give more Ru 2Cl(PMe 2 Ph) 5 (see Scheme 3.1). 
In these experiments the products of reaction were 
observed in situ by the use of 31 P-{ 1 H} nmr spectroscopy. 
Attempts were also made to isolate the products as pure 
solids by separation of the inert electrolyte from the 
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reduced solution. 
This is not easy because of the high concentration of 
the inert electrolyte compared to the small concentration 
of the electroactive species. Because of the very low 
solubility of [nBUN]BF in diethyl ether, this 
solvent was added to precipitate the electrolyte. Un-
fortunately this method is not 100% efficient and small 
amounts of the electrolyte remain in the CH 2C1 2 phase. 
However,, the bulk of the inert electrolyte could be removed 
by filtration and the filtrate was then evaporated to give 
a low yield of greenish-brown solid which was well washed 
with n-pentane and-then light petroleum (bp 14060 0C). The 
31P-{)H} nmr spectrum of this material showed it to be 
Ru 2C1(PMe 2 Ph) 5 plus a small amount of Me 2PhPO. 
In an attempt to improve the efficiency of the 
separation of the reduced species from the inert electro-
lyte, various electrolytes were examined. (e.g. Et 14NCI 
EtNBF, EtNI HC1, HSO 3 C1 ete) but eventhose 
electrolytes which are very soluble in water could not be 
separated completely from the reduced product. However, 
when the solvent is changed from CH 2C1 2 to CH 3 CN, dmf or 
PhCN, the behaviour on electroreduction of mer-MC1 3 - 
(PNe 2 Ph) 3 is quite altered, and these results are 
discussed fully in the next section. 
MeCN 	 Cl 
Pa 	 Px 
Cl HPCCN Ru PZ 
a 	 P/ 
Ru 
Cl 	 Cl 
(2) 	 (3) 
XL - .100 Spectrum 
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Fig. [3.6] 1 Hnmr spectrum of RuCl 2(PMe2Ph)3 CH3CN at 298 K in CDCI3 
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3.3 Electrochemical and Chemical Reductions in 
Coordinating Solvents 
3.3.1 Acetonitrile 
When the electroreduction of mer-RuC1 3 (PMe 2Ph) 3 (0.30 g) w 
darned out in CH 3 CN.(25 cm 3 ) containing 0.20 N [Et 14N]BF 14 
a yellow solid precipitated from the solution after ca 70% 
reduction. After almost complete reduction (5% residual 
current at -0.60 V) the yellow solid was separated by 
filtration. The 31 P-{ 1 H} nmr spectrum of this material in 
CDC1 3 at room temperature consisted of two doublets and 
two triplets (see Figure 3.5 and Table 3.2). Measurement of 
coupling constants showed that the higher frequency 
triplet could be correlated with the higher frequency 
doublet, and the lower frequency resonances, likewise 
related to one another. The material analysed closely 
for RuC1 2(PMe 2 Ph) 3 CH 3 CN (Table 3.1) which suggests that 
two different isomers have been formed in ca equal amounts. 
This proposal is supported by 'H nmr spectral data at room 
temperature (see Figure 3.6 and Table 3.2) which, in the 
methyl region, consist of two overlapping triplets centred 
at 61.45 ppm, another triplet at 61.55 ppm,a doublet at 
ól.65 ppm and singlets (from CH 3CN) at 1.211;1.lopçznThe 
triplets arise from trans-PMe 2Ph groups and the doublet 
from a PMe 2Ph-group located cis to these ligands. Further-
more, the presence of two overlapping triplet patterns is 
indicative of no plane of symmetry in the molecule 
(configuration (2)) and a single triplet suggests the 
presence of a meridional plane of symmetry (configuration 
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(3)). In the absence of this plane the individual methyl 
groups attached-to each trans phosphine are inequivalent. 
Similar 1H nmr correlations have been found for the 
analogous isomers of RuC1 2CO(PMe 2 Ph) 3 13 . 
The ir spectrum shows only terminal v(RuC1) bands 
3 	1 (350-250 cm -1 	 i ) and no changes n H or P-{ H) nmr 
spectra were observed on cooling to 203 K. 
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PMe Ph 












If the compound mer-OsCl 3(PMe 2 Ph) 3 is electro-reduced 
at -0.60 V in CH 3 CN under the same conditions, an orange 
solid is deposited after ca 70% reduction. After virtually 
complete reduction, the orange solid was separated by 
filtration. This compound analyses for OsCl 2(PMe 2 Ph) 3 -
CH 3 CN and its 31 P-{ 1H} nmr spectrum at 203 K, which shows 
one doublet (-3 1L1 ppm) and one triplet (6147.2 ppm); 
( 2 J 	21.0 Hz; relative intensity 2:1), indicates that only 
one isomer has been formed. In support of this, the 
nmr spectrum at 213 K in CDC.1 3 shows a well defined doublet 
at 6 1.76 ppm, a poorly defined triplet at 6+1.56 ppm and 
a singlet at 61.22 ppm (CH 3 CN), which indicates that the 
compound has a meridional symmetry plane (configuration(3)). 
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However, unlike the corresponding RuC1 2(PMe 2 Ph) 3 CH 3 CN 
complexes which exhibit temperature invariant nmr spectra, 
the 31 F-{ 1 H) nmr spectrum of this complex at 273 K shows 
only a broad resonance at ca 6-34.7 ppm.. On cooling to low 
temperature the doublet and triplet pattern is regenerated 
which suggests that some CH 3 CN dissociation, accompanied by 
ready intramolecular scrambling of PMe 2Ph groups may 
occur at higher temperatures. This facile dissociation 
of CH 3 CN can be attributed to the high trans effect of 
the PMe 2Ph group in configuration (3) 
The same compound can also be synthesized by Zn 
amalgam reduction of mer-OsC1 3 (PMe 2Ph) 3 in thf/CH 3 CN at 
room temperature ( 1 H and 31 P-{ 1 H} ninr evidence). 
However, chemical reduction in refluxing thf/CH 3 CN 
gives a yellow product, analysing for OsCl 2(PMe 2 Ph) 3 CH 3 CN but 
with a slightly different 31 P-{ 1 H} nmr pattern (doublet 
and triplet at 5_311.5 ppm and _140.8 ppm (J 	20.0 Hz)
pp 
res pec tive l yt. Furthermore, this nmr spectrum remains 
invariant from 203 to 273 K. Hence, it is most likely that 
more forcing reaction conditions leads to the exclusive 
- 	formation of an isomer of configuration (2) (in which the 
CH 3 CN ligand is trans to a low. trans effect ligand), 
although unfortunately all attempts to obtain a good 
rimr spectrum for this compound have been unsuccessful. 
Earlier Chatt 8 reported that zinc amalgam reduction of 
mer-OsCl 3 (PMe 2 Ph) 3 in refluxing thf/CH 3 CN gave OsCl 2-
(PMe 2 Ph) 3 CH 3 CN (isomer (3)) but in our hands, this has 
only given isomer (2). 















Fig. [3.7] 31P['H]nm'r  spectrum of RuCl 2(PMe2Ph)3 dmf in CDCI3 
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However, similar changes in reaction conditions are known 
to produce different isomers of RuC1 2 CO(PMe 2 Ph) 3 with 
isomer (2) being favoured at higher temperatures' 3 . 
3.3.2 Dimethylformamide 
If the electrochemical reduction of mer-RuC1 3 (PMe 2  Ph) 3 
is carried out in dimethylformamide (dmf), an orange-
yellow solid is deposited in the cell after ca 70% of the 
total reduction. On the bases of analytical. 31 P-{ 1 H} 
and 1 H nnir data at 233.K (Tables 3.1 and 3.2) this compound 
is formulated as RuC1 2 (PMe 2Ph) 3 dmf (configuration (3)) 
as shown by 31 P-{ 1 H} nmr spectroscopy (Figure 3.7); a small 
amount of the other isomer (2) is also formed. At room 
temperature the 31 P-{ 1 H} nmr spectrum consists of a broad 
resonance at ca 6 13.7 ppm indicative of the onset of 
facile intramolecular PMe 2Fh exchange as is to be expected 
for an isomer of type (3). On leaving this solution for 
several days at ambient temperature, further 31 P-{ 1 H} nxnr 
studies showed that some conversion to Ru. 2Cl(PMe 2 Ph) 5 
had occurred which supports the pro.posal of some facile 
loss of coordinated dmf in these compounds. 
Similarly, when mer-OsCl 3 (PMe 2 Ph) 3 was electrochemically 
reduced under the same conditions an orange-yellow solid 
was deposited after complete reduction (5% residual current 
at -0.60 V). Again, elemental analyses and 31 P-{ 1 H} nmr 
studies at 233 K indicate the formation of one isomer of 
OsCl 2 (PMe 2 Ph) 3 dinT (Tables 3.1 and 3.2) although 
unfortunately all attempts to obtain a good 1 H nmr spectrum 
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have proved unsuccessful and therefore the isomeric form of 
this material is uncertain. 
However, the broadening of the 31 P-{ 1H} nmr resonances 
at ambient temperature again suggests that isomer (3) has 
been preferentially formed. 
In contrast to these electrochemical reductions of 
mer-MC1 3 (PMe 2 Ph) 3 in dmf which give high yields of Md 2-
(PMe 2 Ph) 3 dmf, zinc amalgam reductions of these compounds 
in thf/dmf gave only the well known ionic dimers 
[M2 C1 3 ( PMe2Ph) 61C'  (nmr evidence). 
3.3.3 Phenylcyanide 
When phenylcyanide (PhCN) was used as .a solvent in 
the electroreduction of mer-MC1 3 (PMe 2 Ph) 3 no solids were 
deposited during the reduction. 
Diethylether was therefore added to precipitate most 
of the inert electrolyte. The filtrate was evaporated 
to dryness under reduced pressure. The resulting orange-
brown solid was well washed with hot water to remove the 
remaining traces of inert electrolyte, then with n-pentane 
and dried in vacuo. When M = Os, the 31 P-{ 1H} nmr 
spectrum of this product in CDC1 3 shows at 301 K a doublet 
at 6-32.11 ppm and a triplet at 6-37.11 ppm [( 2J 	17.0 Hz);
pp 
relative intensity 2:11. The 1 H nmr spectrum shows at 
room temperature in the methyl region two triplets and a 
doublet characteristic of OsCl 2(PMe 2Ph) 3 PhCN isomer (2) 
and as expected no evidence for facile PMe 2Ph exchange at 
room temperature is observed. The presence of PhCN in 
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the compound is confirmed by ir spectroscopy (vCN 2180 cm), 
and only terminal v0sCl bands are observed. Reduction of 
mer-OsCl 3 (PMe 2 Ph) 3 with Zn amalgam in PhCN/thf gives a 
mixture of products, the main components of which are 
[O;Cl3 (PMe 2 Ph) 5 ]Cl and OsCl 2(PMe 2Ph) 3PhCN (configuration 
(2)). 
A less clean product was formed by electrochemical 
reduction of mer-RuC1 3 (PMe 2 Ph) 3 in thf/PhCN but 
and 1H nmr studies strongly suggest that the major 
product is RuC1 2 (PMe 2Ph) 3 PhCN (vCN 2200 cm -1 ) (configuration 
(2)). Again, no scrambling of PMe 2Ph ligands is observed 
by 31 P-{ 1 H'} nmr spectroscopy up to ambient temperature. 
3.14 Conclusions 
The initial aim of this work, which was to synthesize 
the new anionic complexes mer-[MC13(PR3)3] has clearly 
failed due to the extreme instability of such anions towards 
chloride loss. Hence, one may now understand why little 
evidence has been found in the earlier literature for such 
complexes, particularly those with tertiary phosphine 
ligands. Nevertheless, chemical and electrochemical 
reductions of mer-RuCl 3 (PR 3 ) 3 in non-coordinating solvents 
such as CH 2C1 2 has provided a useful route to the 
ruthenium(II) triple chloride bridged binuclear complexes 
Ru 2C1 4 (PR 3 ) 5 (PR 3 = PMe 2Ph, PEt 3 , PEt 2Ph). In fact, these 
compounds have been synthesized for the first time for 
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PR  = PMe 2Ph, PEt 3 and it is worth noting that alternative 
routes of preparation involving pyrolysis of [Ru 2 C1 3 (PR 3 )6]Cl 
and exchange of RuC12(PPh3)3 or 14 with PR  in non-polar 
solvents cannot be used for the preparation of 
Ru 2C1 14 (PMe 2 Ph) 5 because of the inertness of the ionic 
dimer with this particular phosphine. These reduction 
studies have also supported the reaction pathways proposed 
earlier7 for the rearrangement reactions of the 
coordinatively unsaturated RuC1 2 (PR 3 ) intermediates. 
Furthermore, performing the reductions in more 
coordinating solvents such as MëCN, PhCN and dmf, inhibits 
rearrangements of this 1Cl 2 (PMe 2 Ph) 3 intermediate and leads 
to formation of the stable six coordinate solvents 
MC1 2 (PMe 2 Ph) 3S. The isomer(s) formed here which can be 
unequivocally established by spectroscopic meehods in most 
instances are clearly dependent on such variables as the 
method of reduction, solvent and temperature. 
Preliminary work on preparative scale electroreduction 
of other ruthenium(III) monomers such as rner-RuC1 3 (Me 2S) 3 
indicates that in this instance the mer-[RuCl3 (Me  2S) 3 Y 
anion is relatively stable and further work is now in 
progress to seek and ultimately isolate such anions 
stabilized by low trans effect ligands. 




Physical measurements were as for those included in the 
previous experimental section, 2.4. Phosphorus-.31 nmr 
spectra were obtained on JEOL FX60Q and/or Varian 
Associates XL 100 spectrometers operating in the pulse and 
Fourier transform modes at 24.2 MHz and 140.5 MHz respect-
ively (chemical shifts are quoted in ppm to high frequency 
of 85% H 3P0 14 ) . Hydrogen-1 nmr spectra were obtained on 
Varian HA 100 and/or XL 100 MHz spectrometers (chemical 
shifts are reported to high frequency of tetramethylsilane). 
• 	All the electroreduction studies were made on a three 
electrode Princeton Applied Research model 170 instrument. 
The cell used was a 20 cm 3 cell with three compartments 
(Figure 3.8). One contained the reference electrode 
(Ag/AgI) separated from the cell solution by a salt bridge 
containing a Corning medium frit. The auxiliary electrode 
was placed in a one cm tube with a Corning medium frit. 
The working electrode for CV and AC polarography was a Pt 
wire electrode, and for electrosyntheses a gauze Pt 
electrode (ca 9.5 cm  total area) was used. All manipula-
tions involving air sensitive materials such as tertiary 
phosphines were carried out using standard Schlenk 
techniques. 
Reagents: The compounds mer-RuC1 3 (PR 3 ) 3 (PR 3 = PMe 2Ph, 
PEt 2Ph, PEt 3 ) and mer-OsC1 3 (PMe 2 Ph) 3 were prepared by 
literature methods 9 ' 3° . Phenylóyanide, •acetonitrile and 
dimethylformamide (Fisons), tetraethylamonium chloride and 
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tetraethylamonium perchiorate (Aldrich Chemical Company) 
and PMe 2Ph, PEt 2Ph, PEt 3 (Maybridge Chemical Company). 
Analytical data for the new compounds are given in Table 
3.1 and 31 P-H} and 1H nmr data in Tabl3.2 and 3.3. A full 
discussion of the isomers formed is given in Section 3.3. 
Electrochemical preparations of MC1 2 (PMe 2Ph) 3 S 
(S = CH 3CN or dmf, N = Os,Ru) 
Electroreduction of rner-MC1 3 (PMe 2 Ph) 3 (0.30 g) (M 
Ru, Os) , was carried out under argon. A solution 
containing 20 cm 3 of the solvent which was 0.20 M 
[Et N]BF 14 /O.O5 M[Et14N]Cl was electrolysed at -O.UO V 
(N = Ru) and -0.6 V (N = Os) to about 96% completion as 
indicated by the current reading on the potentiostat. The 
products which precipitated were filtered and washed with 
the corresponding solvent and then diethyl ether and 
finally dried in vaOuo at room temperature. 
For S = PhCN (M = Os, Ru), the electro-reduced 
solution was treated with an excess of diethyl ether to 
precipitate most of the inert electrolyte, filtered and 
washed with hot water to remove the remaining inert 
electrolyte and then dried under vacuo at +25 °C. 
Tri-.t-chloro-pentakis (dimethylphenylphosphine) 
diruthenium(II)(1) 
The complex 	-RuC1 3 (PMe 2Ph) 3 (0.10 g) and zinc 
amalgam (0.80 g) were well-stirred under nitrogen for 2 
days in dichloromethane (15 cm 3 ). The resulting greenish- 
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brown solution was concentrated to low bulk, but no solid 
was deposited. When the solvent is evaporated to dryness 
a green-brown solid is deposited which was well-washed with 
light petroleum (bp 60-80 °C) and dried under vacuo.(Yield 
0.060 g; 7)4%) (molecular weight in benzene by osmometry 
Found 1316, Calculated 1034). 
The same product was formed when metallic sodium 
was used or when mer-RuCl 3 (PMe 2 Ph) 3 is electrochemically 
reduced in CH 2C1 2/O.50 M TBABF. Phosphorus-31-nmr 
studies showed that some trans-RuCl 2(PMe 2Ph) and 
Me 2PhPO were also produced in the latter synthesis. 
Dichioro tris( dimethylphenylphosphine) acetonitrileosmium( II) 
(3) 
The compound mer-OsCl 3 (PMe 2 Ph) 3 (0.20 g) and zinc 
amalgam 	10.0 g) were shaken under nitrogen in thf/ 
CH 3 CN (20 cm 3 1 1:1 V/V) for 24 hours and then the resulting 
yellow solution was filtered and the filtrate evaporated 
to dryness. The yellow solid deposited was well washed with 
light petroleum (bp 14060°C) and diethyl ether, dried in 
vacuo and recrystallized from ethanol. 
Table 3.1 	Analytical and selected ir data for some new Ruthenium(II) and Osmium(II) 
phosphine complexes 
Compoud/Conf1guration 
RuCl 2 (Pt'1e 2Ph) 3 CH 3 CN (2,3) 
RuCl 2 ( PMe 2 Ph) 3dmf* (3) 
OsCl 2(PMe 2 Ph) 3 CH 3 CN (3) 
OsCl 2(PMe 2 Ph) 3 dmf (3) 
0sCl 2(PMe 2 Ph) 3 CH 3 CN- (2) 
0sCl 2(PMe 2 Ph) 3 PhCN (2) 
Ru 2Cl(PMe 2 Ph) 5 -(1) 
Analysis a 
C 	H 










(A B) 	cm 
2.2(2.2) 312(s),325(m) 2280(m) 
2.1(2.1) 310(s) 1640(s) 
1.9(1.9) 280(m) 2280(m) 
1.8(1.9) 290(rn),280(m) 1635(s) 
1.9(1.9) 295(m) 2280(s) 
280(m) 2180(s) 
300(m) - 
* contains small amount of isomer (2) - see Figure 3.7. 
a found in parentheses 
b prepared as in reference (8). 
I-. 
Table 3.2 Nmr data for some new Ruthenium(II) and Osmium(II) phosphine complexes prepared 
by electrochemical methods 
P-{ 1 H} nmr 
T°K 6(ppm) J(Hz) T °K 
301 23.7(t) 30.7 301 
2.0(d) 
301 15.8(t) 34L8 301 
1.1(d) 
233 27.6(t) 34.1 233 
6.1(d) 
301 23.9(t) 29.3 301 
1.9(d) 
203 _147.2(t) 21.1 301 
-34.1(d) 
nmr 
6(ppm) 21 PH(HZ) 
1.55(vct) 3.2 
1.65(d) 8.9 










RuC1 2 ( Pt4e 2Ph) 3 CH 3CN (3) 
RuC1 2( PMe 2Ph) 3 CH 3CN (2) 
RuC1 2 ( PMe 2 Ph) 3 dmf 	(2) 
RuC1 2 ( PMe 2 Ph) 3 PhCN 	(3) 
0sCl 2(PMe 2 Ph) 3 CH 3 CN (3) 
OsCl 2 (PMe 2 Ph) 3 dmf 	(2) 
OsCl 2(PMe 2Ph) 3 PhCN 	(3) 
	
233 -'V1.2(t) 	17.0 
-26 , 3(d) 
301 _37.L(t) 	17.0 	301 	1.91(t) 
	
3.7 
-32.4(d) 1.75(t) 3.4 




Table 3.3 Nmr data for some new Ruthenium(II) and Osmium(II) phosphine complexes prepared 
by chemical methods 
nmr 1[j nmr 
Compound/Configuration T °K S(ppm) 2J(Hz) T °K 	6(ppm) 2JPH(HZ) 
0sCl 2 (PMe 2Ph) 3 CH 3 CN 	(2) 301 -40.8(t) 20.0 301 	1.57*(t) 6.'1 
1.74(d) 8.7 
l.2'1(s) 
OsCl 2 (PMe 2  Ph) 	 (3) 3 CH 3 CN. 301 -47.8(t) 22.0 301 	1.55(t) 
-36.0(d) 1.73(d) 
RuC1 2(PMe 2 Ph) 	 (2) 3 CH 3 CN 301 16.0(t) 33.0 301 	1.68(t) 
0.2(d) 1.59(t) 3.0 
1.41(d) 3.3 
1.25(s) 9.0 
Ru 1 '1(PMe2 Ph)  S 	 (1) 	301 	30.8(s) 	i AB6 22.7(A) 
20. '1(B) 
RuC1 2 (PMe 2 Ph) 3 PhCN 	(2) 	301 	1.7.8(t) 	27.0 	301 	1.80(t) 	3.0 
	
0.5(d) 1.90(t) 3.0 
1.55(d) 	10.0 
* from reference (8) 
a prepared as in reference (8). 
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CHAPTER IV 
SYNTHESIS AND •CHARACTERISATION OF NEW BINUCLEAR CHLORIDE 




Several monomeric low-spin d 5 complexes of the second 
and third-row transition metal ions with tertiary arsines 
and phosphines have been reported in the literature l_11 
Ruthenium in oxidation state (III) forms a large number 
of these monomeric complexes (see Chapter 2, Section 2.2.1 
and 2.2.2 for examples) and both magnetic susceptibility 
and esr measurements have been used to identify their con-
figurations and establish the low-spin nature of the 
compounds 8 . In this chapter the magnetic and electro-
chemical properties of some new binuclear chloride bridged 
Ru 2(III,III) complexes containing either triphenylarsine 
or triparatolylarsine ligands are first described and 
these properties used to elucidate their detailed structures. 
In 1973, Poddar and Ugarwala 9 reported that reaction 
of "RuC1 3 xH 2O" with an excess of AsPh3 in refluxing 
butan-2-ol for several hours gave a brown product which was 
formulated as [RuC12(AsPh3)2]n  and proposed to have a 
dimeric square pyramidal structure (1) with chloride 
bridges and a (11,11) oxidation state. 
On the basis of analytical and magnetic data, esr and 
electrochemical evidence it is now clear that this product 
should be refo.mulated as the binuclear Ru 2C1 5(AsPh3 ) 14 
complex with a formal (11,111) oxidation state and these 
results are fully discussed in this chapter. 
In attempts to synthesise related mixed valence 
complexes of ruthenium and osmium, "RuC1 3 x 20" and 
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Na 2OsCl 6 have been reacted with various Lewis bases in 
butan-2-ol and other alcohols and the results of these 
studies are also reported in this chapter. 
4.2 Results and Discussion 
14.2.1 Synthesis and Characterisation of Ru 2(III,III) Complexes 
As discussed earlier, Chapter 2, Section 2), the green corn-
pound RuC1 3 (AsPh 3 ) 2MeOH (with a labile methanolate group) 
is an excellent precursor for synthesising ruthenium(III) 
complexes  with a range of other ligands. In 19736  it was 
found in this Department that if this compound was dissolved 
in benzene or dichloromethane a brown solution was formed 
which on addition of n-heptane gave .a dark brown precipitate. 
This was formulated as the monomeric ruthenium(III) complex 
RuC1 3 (AsPh 3 ) 2 and suggested to be trigonal bipyramidal (2) 
with axial arsines on account of its two g value esr 
spectrum in CHC1 3 at 77 K indicative of a plane of 
symmetry in the molecule. Manoharan et a1 7 in an independent 
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RuCI3 (As Ph3)2.MeOH 
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Figure tLl.: Time-dependent a.c. voltammograms of RuC1 3 (AsPh 3 ) 2 . 




As shown in Chapter 2, Table 2.4, all the monomeric 
ruthenium(II) complexes of type RuCl 3 LL, RuCl 3LL, 
RuC1 3 L 3 (L, L' = AsR 3 ,PR 3 ,C 5 H 5N etc) exhibited a facile one 
electron reversible reduction step. For RuCl 3 (AsPh 3 ) 2-
CH 3OH, however, within five minutes of the addition of the 
crystalline compound to the electrolytic cell containing 
CH 2C1 2/0.50 N BuNBF 11  the expected single reversible 
reduction at -0.02 V gave way to new waves at +0.62 V and 
0.40 V   which both approached half the initial height of 
the original wave and proved to be reversible one-electron 
reduction steps (Figure !Ll, Table 4.1). This available 
electrochemical data suggests that only a binuclear 
Ru 2(III,III) species could exhibit stepwise reversible 
reductions and the two g value pattern in its esr spectrum 
(g1 2.49; g11 1.72 in CH 2C12at 77 K) - Table 4L2 - 
indicates structure (3). 
As R 3 	AsR 3 
C1 	 I Cl I Cl N 
Ru 	Ru 
Cl 	 C 	 Cl 
AsR 3 	AsR 3 
(3) 
(or isomers with AsR3 
groups and terminal chlorides 
interchanged) 
Unfortunately this compound is not sufficiently soluble 
for molecular weight studies or for magnetic studies using 
the Evans' method 10 . However, assuming a binuclear 
All E 1 values measured with respect to a Ag/AgI reference 
electrode at which ferrocene is oxidized at +0.60 V. 
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formulation solid state magnetic measurements at 267 K 
(Faraday method) gave a neff  value of 2.81 BM/dimer or 1.99/ 
Ru which corresponds to two unpaired electrons/compound (cf 
the related double chloride bridged complex 
[{RuC1 3 (PBu 3 ) 2 } 2 ] which has a room temperature magnetic 
moment of 1.93 
In an attempt to understand the binuclear nature of 
this material the analogous RuC14(As(p-tolyl) 3 ] 2MeOH 
(similarly prepared by reaction of "RuC1 3xH 2O" and an 
excess of As(p-tolyl) 3 in refluxing methanol) was 
dissolved in benzene at room temperature and then n-heptane 
added to give a brown solid. This also showed two nice 
reversible one electron reductions at +0.5 14 and -0.50 V 
and a two g value esr spectrum (g 1 2. 146. g1 1.77 in 
CH 2C1 2 at 77 K). Furthermore, the compound analysed quite 
well for {RuC1 3 {As(ptoiyl) 3 } 2 } (Table 14.2) and it was 
sufficiently soluble for osmometric molecular weight 
measurements. Found 1628 (acetone); 1719 (benzene); 
required 1806 for n = 2. Solid state magnetic measurements 
at 266 K (Faraday method) showed Meff 	2.63 3M/compound 
or 1.86 BM/Ru. Variable temperature magnetic measurements 
are now required to establish if antiferromagnetic 
coupling effects are observed at lower temperatures. 
Hence studies on the more soluble p-tolylarsine analogue 
verify the binuclear nature of the compounds and confirm that 
the observed reductions are probably due to formation of 
[Ru2 	11IC16(AsR3)14y and [Ru 2 'C1 6 (AsR 3 ) 14 ] 2 anions 
respectively and not Ru(II) and Ru(I) monomeric species. 
Work on electrogeneration of these binuclear double 
- I.Iv 
Ui 
Fig. [4.2] Stirred and unstirred voltammetry in CH2Cl2/O.5 MTBABF4 
at 298 K of RU,CI(ASPh)4 
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chloride bridged anions, followed by in situ characteriza-
tion (esr, UV/visible spectroscopy) and ultimately 
isolation is now in progress 11 . 
However, if the RuC1 3 (AsR 3 ) 2MeOH compounds (R = Ph 
or p-tolyl) are refluxed in concentrated benzene solutions 
for ca one hour brown materials are deposited. The carbon 
and hydrogen analyses are low compared with those 
calculated for Ru 2Cl 6 (AsR 3 ) ( see Table 4L2) and the %Cl 
for the AsPh 3 product is high. In fact, the best 
formulation consistent with these elemental analyses is 
Ru 2C1 6 (AsR 3 ) 3 possibly with 0.5 C 6H 6 of solvation present. 
The electrochemistry of Ru 2C1 6(AsPh 3 ) 3 was initially inter-
preted as showing a reversible reduction step to the 
[Ru 2 	C1 6(AsPh 3 ) 3 ] anion and a reversible oxidation 
step to the 	 IIITIV 	cation. However, 
further electrochemical studies on more soluble samples 
reveal that the two cyclic voltaminetric waves observed at 
+0.62 and _0.4 14 V represent successive reductions to the 
11,111 
	and [Ru 2 ' 11 Cl 6(AsPh 3 ) 3 ] 2 
anions respectively. 
Like the Ru2Cl 6 (AsPh 3 ) compound, Ru 2C1 5 (AsPh 3 ) 3 
shows broad esr signals but the compound is too insoluble for 
Evans' method magnetic measurements or osmometric molecular 
weight determinations. Assuming a binuclear formulation 
a room temperature Faraday balance magnetic measurement 
(29 14 K) on the solid gives a Ueff  value of 2.97 BM/Ru 2 or 
1.95 Ru, ie again consistent with two unpaired electrons/ 
molecule at ambient temperature. Variable temperature 
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magnetic data -on this and the more soluble As(p-tolyl) 3 
analogue are now required-to determine if antiferromagnetic 
interactions are present at lower temperatures. 
Full characterization of the analogous Ru 2C1 6-
(As(p-tolyl) 3 ) 3 complex has been •obtained (see Tables 14.1 
and -11.2). In this instance, the two g value spectrum (g1 
2.148 ; g11 1.73 in CH 2C12at 77 K) is clearly seen as 
indicative of configuration (14) and the compound is 
soluble enough for osmometric molecular weight measurements 
(Found 1419 (benzene); required 11459). 
These compounds can also be made by shaking Ru 2C1 6-
(AsR 3 ) 11 with HBF 14 in acetone or CH 2C1 2 for several days. 
For AsPh 3 , the triple chloride bridged compound is 
precipitated; for As(p-tolyl) 3 , removal of solvent gives 
the product. Presumably the role of HBF 14 is to remove a 
coordinated AsR 3 group by protonation and thus facilitate 
formation of the tris-arsine complex (equation [11) 
AsR 3 	AsR 3 
Cl 	Cl 	Cl 
Cl 	-i 1 C  
AsR 3 	AsR 3 
(3)  
RAs 	 Cl 




 As Cl 
(14) 
[1] 
Further studies on the electrogeneration and character-
ization of these triple chloride bridged [Ru2Cl6(A5R3)3]X_ 
0 
Fig. [4.3] Cyclic and a. C. voltammetry of Ru2 CI5 (As Ph3 )4 (5) 
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anions (x = 1 and 2) are now in progress 11 . 
4.2.2 Synthesis and Characterization of Binuclear Mixed 
Valence Complexes of Ruthenium 
As stated in the introduction refluxing "RuC1 3 .xH 2Off 
and an excess of AsPh 3 in butan-2-ol under nitrogen for four 
hours was claimed to give [{RuCl 2 (AsPh 3 ) 2 } 2 ] 9 . All our 
attempts to repeat this experiment have produced . a brown 
solid (A) with the same electronic spectrum as reported 
earlier, but slightly different carbon and hydrogen analysis 
figures.. However, from past experience (cf reference 12) 
this discrepancy in analysis figures could have been 
caused by small amounts of butan-2--ol associated with the 
compound. 
On the basis of earlier studies, it was expected that 
a compound of this formulation would exhibit reversible one 
electron oxidation(s) • to generate [Ru 2Cl(AsPh 3 )] or 
even [Ru 2Cl(AsPh 3 ) 11 ] 2 cations but would show only 
irreversible multielectron reductions since Ru(I) is a 
rarely found oxidation state cf the behaviour of 
Ru 2C1 (PR 3 ) 5 and other Ru 2 ' 	species which give 
11111+ 	13 (Ru 2 ' 	) cations . However cyclic voltammetric 
studies unequivocally reveal a one-electron reversible 
oxidation (+0.90 V) and one-electron reversible reduction 
(+0.1 14 V, separation 0.76 V) (Figure 14.3) which are 
incompatible with the formulation of a binuclear (11,11) 
complex. Magnetic measurements at ambient temperature give 
2.32 	
Cl 	 Cl 	 As 




Fig.[4.4] esr spectrum of Ru 2 CI 5 (As Ph3)4 at 77 K in CH2Cl2 
g 11 1.63 
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16 14 
a value of peff 
 = 1.75 BM corresponding to that expected 
for one unpaired electron/molecule and furthermore the 
product exhibits a strong rhombic esr spectrum in CH 2C1 2 
91 2.32, 92 2.03, g3 1.76 (Figure 14.14) which also refutes 
the original suggestion 9 for the chemical composition of 
this compound. This rhombic esr spectrum indicates the 
absence of a plane of symmetry in the complex and hence 
configuration (5) (L = AsPh 3 ) is proposed. In support of 
this formulation compound (A) analyses very closely 
(C l H, Cl, As) for Ru 2C1 5 (AsPh 3 ) 14 (Table 14.2). 
The analogous red-brown complex Ru 2C1 5 {As(p-tolyl) 3 } 14 
[(5), L = As(p-tolyl) ) [ E1 +0.83 V (oxidation); +0.10 V 
3 	2 
(reduction),; separation 0.7 V]g1 2.41;92 	g3 
 g3 1.871 
can be obtained as the major product* (A') by reaction of 
"RuCl 3xH 2O" with an excess of As(p-tolyl) 3 in ethanol. 
However, reaction of "RuC1 3 xH 2O" with an excess of 
As(p-tolyl) 3 in butan-2-ol yields a yellow-green product 
(B'), also of stoichiometry Ru 2Cl 5{As(p-tolyl) 3 } 14 
eff 	2.27 BM at 291 K) which was shown by CV and acV 
studies to be quite distinct from A' with more difficult 
one-electron, reversible oxidation (±1.2 14 V) and reduction. 
(-0.26 V) steps. Furthermore the esr spectrum of (B') at 
77 K in CH 2C1 2 revealed an axial g-value pattern (g 1 2.514; 
911 1.63) (Figure 14.5) indicative of a plane of symmetry.in  
*Esr and electrochemical studies also reveal that a small 
amount of isomer (6) (see text) is present in the reaction 
mixture. Note that the major isomer (5) initially pre-
cipitates with a molecule of clathrated As( p-tolyl) 3 but 
this can be removed by shaking in CH 2C1 2 for 214 hours and 
then reprecipitating. with diethylether. 
start 
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FIg.[4.6) Voltammetry of two Isomeric forms of Ru 2 CI5(As p-toIyI3)4 
H 
U' 
Fig. 14.71 X ray structure of Ru2CI5(PEt2Ph)4 
UN 
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the complex and compatible with configuration (6) or 
(7). Figure 14.6 emphasises the dramatic dependence of 
electrochemical behaviour on the isomer form of these 
mixed valence Ru 2C1 5 {As( p-tolyl) } compounds. 
The E 1 values and separation between oxidation and 
2 
reduction waves (1.50 V) for (Be) are very similar to those 
found for the recently discovered Ru.2Cl 5 (PEt 2Ph) 14 1' 
(+1.27 V and -0.28 V, separation. 1.55 V.; the latter also 
exhibits a two g-value esr pattern (g 1 2.146; g11 1.63) 
with peff  = 1.83 BM at 293 K). An X-ray structural 
analysis of this compound has now confirmed this 
formulation and shows the asymmetrical structure [(7)L 
PEt 2Ph], (Figure 14.7) with three tertiary phosphines sharing 
a triangular face 15 . Accordingly, the similarity in 
electrochemical and spectroscopic properties established that 
the yellow-green isomer B' of Ru 2Cl 5{As(p-tolyl) 3 } 14 also 
has structure (7) with its non-equivalent metal 
centres. Since (PEt 2Ph) C1 2RuCl 3 (PEt 2Ph) is best synthe-
sised by aerial oxidation of (PEt 2Ph) 2C1RuC1 3 Ru(PEt 2Ph) 3 
in hydrochloric acid/nitromethane 114 , the exclusive formation 
of configuration (7) is indicative of selective 
oxidation of the "harder" - RuC1(PEt 2Ph) 2 end of the 
Ru2 (II,II) binuclear compound; accompanied by substitution 
by further chloride. The closely related mixed valence 
compounds (PR 3 ) 2YRuC1 3 RuC1 2PR 3 (8, Y = CO, CS; PR = PPh 3 , 
P(p-tolyl) 3 ) have also been synthesized by f'orced aerial 
oxidation of (PR 3 ) 2YRuC1 3RuC1(PR 3 ) 2 in the presence of 
hydrochloric acid 16 , and because of the uneven distribution 
I; 
of chloride ligands we would expect these to resemble 
compounds of structure (7). 
Initially, it was considered that the large difference 
between the redox couples in red-brown Ru 2Cl 5 {As(p-to1y1) 3 } 
and green Ru2C1 5 ( PEt 2Ph) might be attributed to the 
variations in the ic-acid character -of the As(p-tolyl) 3 
and PEt 2Ph ligands. However, with the discovery that 
different isomeric forms are involved, the observed 
electrode potentials are believed to reflect quite simply 
the environment of the particular metal centre engaged in 
each Ru(II)/Ru(III) couple. 
Thus, it is possible by modifying the reaction condi-
tions to synthesise the two isomers (5) and (7) of Ru 2-
Cl 5 {As(p-tolyl) 3 }. However, all attempts to prepare the 
corresponding (AsPh 3 )C1 2RuC1 3Ru(AsPh 3 ) 3 (7) by changing 
solvents, reaction conditions and starting materials (see 
Scheme .l) have failed since the only isomer formed with 
AsPh 3 is of type (5). 
Attempts to prepare the complex(4sPh 3 )C1 2RuC1 3Ru(AsPh 3 ) 3 (7) 
"RuC1 3xH 2O" + AsPh 3 
[RuC1 3 (AsPh 3 ) 2MeOH] + AsP 
[RuC1 3 (AsPh 3 ) 2MeOH] + AsPh 3 
rner-[RuC1 3 (AsPh 3 ) 3 ] + As-Ph 3 




Hg. [4.8] Stirred and unstirred voltammetry of Ru2C15{As(PhCI)3}4 
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This is probably due to the difficulty of arranging 
three bulky AsPh 3 groups in one trigonal face of the 
molecule. In fact no ruthenium-triphenylarsine 
compounds with this arrangement of ligands have been reported 
in the literature. It is somewhat surprising nevertheless 
that three p-tolylarsine groups do apparently occupy these 
positions since the cone angle of this ligand is expected 
•1. to be similar to that of AsPh 3 
In an attempt to prepare the corresponding RuC1 3 -
(AsR 3 ) 2MeOH (R = p-Phd) in the same conditions as for 
R = Ph, an orange product with no bands for CH 3OH in its 
ir spectrum was precipitated from the reaction mixture. 
Electrochemical studies show one reversible oxidation 
(+1.26 V) and one quasi-reversible reduction (_0. 142 V) wave 
(Figure 14.8) with a separation of 1.68 V. The esr spectrum 
shows a two g value pattern (g 1 2.148; 9 11 1.76) and C, H 
and Cl analyses fit very well for Ru 2C1 5 {As(PhCl 3 } 14 
(Table 14.2). All this evidence suggests configuration 
(7) (L = As(PhC1 3 ). The same compound was also prepared 
by reaction of "RuCl 3xH 2Oil with an excess of As(PhCl) 3 
in butan-2-ol. 
Attempts were also made to prepare Ru 2C1 5L 14 complexes 
(L = SbPh
39 
 PPh 3 ) using the same conditions as for the 
tTh e mixed valence tertiary phosphine complex (P'Bu 3 ) 2ClRu- 
Cl3RuCl(PrBu3)2 (5) has in fact been synthesised among a 
mixture of products by prolonged reaction of "RuCi xH 0" 
17 with PtBu3  and confirmed by X-ray.analysis . Unfortunately 
no esr or electrochemical data are available for this com-
pound and all, our attempts to date to prepare this isomeric 
form containing tertiary-phosphine ligands have proved unsuccessfu 
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successful AsPh 3 and As(p-tolyl) 3 reactions. In the case 
of PPh 3 , a mixture of various products was obtained and 
this mixture was not very soluble even in solvents such as 
acetone and CH 2C1 2 . With .SbPh 3 a brown-green material was 
isolated but this rearranged very rapidly in solution and 
because of this it has been impossible to characterise 
satisfactorily the material by esr and electrochemical 
measurements. 
However, preliminary studies in this Department 18 
have shown that similar mixed-valence binuclear complexes 
can be obtained with bidentate ligànds. For example, 
reaction of "RuC1 3xH 2O" with Ph 2As(CH 2 ) 2AsPh 2 (dpae) in 
1:1 molar proportions in butan-2-ol gave a product 
analysing closely for Ru 2C1 5 (dpae) 2 . Electrochemical 
studies showed two reversible oxidations at +0.10 V and 
0.26 V of unequal height with corresponding reversible 
reductions at -OitO V and -0.614 V. The separations be-
tween these redox couples are 0.50 V. (major component) 
and 0.90 V respectively and the esr spectrum of the product 
in CH 2C1 2 at 77 K contains both a rhombic pattern 
(g1 2.29, 9 2 2.08, g3 1.93) and a less prominent axial 
pattern (g1 2.29, g11 1.714) thus strongly suggesting that 
both isomers (5) and (6) (L 2 = dpae) have been formed. 
Extensions of these studies to a wider range of mono- and 
bi-dentate ligands are now in progress 114 . 
The present work clearly shows that a range of new 
binuclear mixed valence complexes of ruthenium 
oF bj pe R 2 ci5 L 4 o.ce ZJV1k€5QS Frn hlRu.c13xHiou 
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with a variety of ligands in alcohol. However, there are 
many gaps in our understanding.of these reactions and 
further investigation is now required to clarify why the 
butan-2-ol is so effective compared to other alcohols in 
producing particular mixed valence compounds. Possi-
bilities include the high boiling point (98 0C) of the 
solvent, the preferential precipitation from this solvent 
of the mixed valence complex and/or the reducing properties 
of the secondary alcohol. A careful examination of the 
organic products of these reactions and a more systematic 
study of the effect on the isomer distribution of varying 
the alcohol is now required. Nevertheless, these 
reactions are reproducible and the compounds have been fully 
characterised by a variety of complementary physicochemical 
techniques.. Characterisation and ultimately isolation of 
some of these complexes in their less stable redox states 
is now required. 
4L23 Synthesis and Characterisation of Some Binuclear 
Mixed Valence Osmium Complexes 
In view of the remarkable success of the "RuCI 3xH 2O"/ 
L/butan-2--o.l route to the synthesis of new binuclear mixed 
valance complexes of ruthenium, it was decided to examine 
similar reactions involving Na 2OsC1. 6 . The preliminary 
results of such studies are described in this final 
section. 
Thus, reaction of Na 2OsCl 6 with an excess of PPh 3 in 
butan-2-ol gave first an - orange-brown precipitate and later 
a green precipitate. The latter is the well known, diamagnetic 
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OsCl 2 (PPh) 3 19 , and the former analyses well for 0s 2C1 5 (PPh 3 ) 
(Table 4L11 
11 eff 	
2.1 14 BM at 291 K). Unfortunately, the esr 
spectrum is uninformative due to excessive line broadening 
characteristics of osmium even at 77 K. The orange complex 
shows reversible one-electron reduction (-0.06 V) and one-
electron oxidation waves (+0.50 V), and the small separation 
(0.56 V) favours a configuration of type (5) or (7) 
Reaction of Na 2OsCl 6 with an excess of AsPh 3 inbutan-2-
ol also gave two products. The first orange-brownprecipitate 
analysed for OsCl 14 (AsPh 3 ) 2 and exhibited a reversible one-
electron reduction wave at +0.45 V (of for trans-0sC1(PPh 3 ) 2 
a reversible one electron - reduction - step is found at +0.39 V 
vs SSCE in 0.20 N TBAH-CH 2C1 2 ) 20 . The second red-orange 
precipitate which analysed for Os 2Cl 5(AsPh 3 ) 14 (P eff  -, 1.87 BM 
at 291 K) showed a reversible oxidation at +0.60 V and a 
reversible reductionstep at -0.78 V. The large separation of 
1.38 V would suggest that the asymmetrical isomer of configura-
tion (6) [L = AsPh3 ] has been formed but again esr spectra 
were unhelpful. Reaction of Na 2OsCl 6 with an excess of 
As(P-tolyl) 3 in butan-2-ol also gave OsCl 14{.As(p-tolyl) 3 } 2 
and 0s 2Cl 5 {As(p-tolyl) 3 } 14 and. the large separatiOn 
(1.53 V)in the latter also suggests configuration (6) 
tUnlike the ruthenium systems where observation of equal in-
tensity one electron reduction and oxidation waves is usually 
diagnostic of binuclear 	11'111 compounds, the situation 
for osmium is equivocal. This is because it is possible for 
monomeric - osmium(III) compounds to undergo reversible oxida- 
tion and reduction steps, 	rner-.OsC1 3 (PMe 2Ph) 3 as described 
in Chapter 3. In this instance however the analytical and 
magnetic data strongly supports the binuclear and mixed 
valence formulation for this compound. 
1714 
[L = As(p-tolyl) 3 ]. 
14.3 Conclusions 
These studies have made available a range of binuclear 
mixed valence complexes of ruthenium and osmium, bridged by 
simple halide ligands rather than more extended bifunctional 
groups. The mixed valence compounds are the intermediate 
II II 	II III 	III III members of a N M , N N 	and N 	N 	(36-314 
electrons) redox sequence and they undergo well-behaved 
one electron transfers at a voltammetric electrode. Two 
significantly different structural classes emerge in one of 
which the metal centres are equivalent and the overall charge 
distribution symmetrical, and in the other class distinct 
and M 3 can be identified because of the unsymmetrical 
arrangement of chloride ligands. In several cases both 
isomers are available, which offerS an unequal opportunity 
for an extensive comparative study of their electronic 
properties. That significant differences do exist is 
certain if one thinks of the systematic colour distinction 
(deep red versus yellow-brown or green in the ruthenium 
systems) and the shifting dependence of redox potentials 
on isomeric form. 
Thus these contrasting compounds seem worthy of further 
spectroscopic and structural studies, particularly in 
relation to their electronic spectra and the nature of 
the charge-transfer transitions which may be expected at 
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low energy and also in relation to general attempts to 
evaluate the degree of metal-metal interactions and the 
role of the bridging ligands. 
1414 Experimental 
Experimental details were as for those described in 
Chapter 2 and Chapter 3. Solid state magnetic measure-
ments were made on a Faraday balance in the Department of 
Chemistry, Dundee University and esr measurements were 
obtained in the Department of Biochemistry, Edinburgh 
University on a Varian E 14 spectrometer at 77 K employing 
100 KHz magnetic field modulation. 
Electrochemical data for the new complexes are given 
in Table 4.1 and analytical, esr and selected electronic 
spectral data in Table 4.2. 
Binualear Ru2 III 'III  Compounds 
Di-p-chloro-bis dichlorobis(triphenylarsine)rutheniuin(III) (3) 
The complex RuC1 3 (AsPh 3 ) 2CH 3OH (0.20 g) was 
dissolved in dichloromethane or benzene (20 cm 3 ) and 
stirred for about 10 minutes. The resulting brown solution 
was concentrated to dryness and the brown solid deposited 
was washed with diethylether and air dried (yield 0.17 g; 
89%). 
The corresponding Di--ch1oro-bis[dichlorobis(tri - p-
tolylarsine)] ruthenium(III) (3) was prepared in the same 
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manner from RuC1 3{As(p-tolyl) 3 } 2CH 3OH (yield 0.15 g; 80%). 
Tri-i-ch1oro-a , c, h-trichlorotris( triphenylarsine)-
diruthenium(III,III) (4) 
Method A: The compound RuC1 3 (AsPh3 ) 2CH 3OH (0.30 g) was 
dissolved in benzene (20 cm 3 ) and a large excess of 
AsPh 3 (0.50 g) was then added to the brown solution and 
it was heated under reflux in air for 2 hours. A brown 
solid was deposited, filtered and then washed with benzene, 
diethylether and air dried (0.17 g; 75%). 
Method B: The compound Ru 2 Cl 6(AsPh 3 ) ( 0.20 g) was 
dissolved in dichioromethane (20 cm 3 ) and then an excess 
of HBF (3 cm 3) was added. The solution was shaken for 
several days at room temperature and then the brown solid 
deposited was filtered off, washed with water, and 
diethylether and dried in vacuo (0.10 g; 66%). The same 
product is formed when acetone is used. The corresponding 
tri-i-chloro-a,c,h-trichlorotris(tri-p-tolylarsine)-
diruthenium(III)(III) () was prepared in asimilar way 
from Ru2C1 6{As(p-toly1) 3 }. 
Method C: The compound RuC1 3 (AsPh 3 ) 2 CH 3OH (0.20 g) was 
dissolved in benzene (30 cm 3) and the resulting brown 
solution was refluxed for one hour. The brown solid 
deposited was filtered off, washed with ethanol, 
diethylether and dried in vacuo. (0.070 g, 46%). 
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Binuclear 	 II YI II  Compounds 
Tri-3.i-chloro-a,g-dichlorotetrakis(triphenylarsine)-
diruthenium(II,III) (5) 
Method A: Triphenylarsine (1. 14 14 g) was added to a solution 
containing 0.25 g of "RuC1 3 .xH 2O" in 140 cm 3 of butan-2-ol. 
The mixture was refluxed for 24 hours in an atmosphere of 
nitrogen after which a brown solid was precipitated. This 
was separated by filtration, washed with ethanol, methanol 
anddiethylether and air dried (0.70 g; 86%). 
Method B: The compound RuC1 3 (AsPh 3 ) 2MeOH (0.20 g) and 
AsPh 3 (0.80 g) were refluxed in a C 6H 6 /ethanol mixture 
(140 cm 3 ) 1:1 V/V) for 6 hours in an atmosphere of 
nitrogen. A brown solid was deposited which was filtered 
off, well washed with ethanol, methanol and diethylether 
and air dried (0.15 g; 78%). 
Method C: The compound RuCl 3 (AsPh3 ) 2MeOH (0.20 g) and an 
excess of AsPh 3 (0.80 g) were refluxed in ethanol (240 cm 3 ) 
for 24 hours in an atmosphere of nitrogen. The brown solid 
deposited was separated by filtration, well washed with 
ethanol, methanol and diethyl-ether and air dried (0.15 g; 
80%). 
Method D: The complex mer-RuC1 3 (AsPh3 ) 3 (0.20 g) and an 
excess of AsPh 3 (0.80 g) were refluxed in butan-2-ol 
(140 cm 3 ) for 214 hours in an atmosphere of nitrogen. The 
brown solid deposited was filtered, well washed with 
ethanol, methanol and diethylether and air dried (0.12 g; 
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87%). 
Tn- T.-ch1oro-a, g-dichlorotetrakis(tri-p-tolyiarsine) - 
diruthenium(II,III) (5) 
Tri-p-tolylarsine (1.00 g) and "RuC1 3xH 2O" (0.20 g) 
were refluxed in ethanol (50 cm 3 ) and after three hours a 
brown microcrystalline solid was deposited, washed with 
diethylether and air dried (0.35 g; 51%). 
Elemental analysis showed this to contain a molecule 
of clathrated As(p-tolyl) 3 mp 138_1 141 ° C (Found C 59.9, H, 
5.0. Required for [Ru 2Cl 5{As(p-tolyl) 3 } 14 ]. As(p-tolyl) 3 
C, 59.5;  H, 5.0%.) and this could- be removed by shaking 
the product in CH 2C1 2 for 214 hours, and then concentrating 
the solution almost to dryness. Addition of diethylether 
precipitated the complex as a brown solid.. 
As described in Section 3.2.2, esr and electrochemical 
studies reveal that a small amount of tri--ch1oro-g,i-
dichlorotetrakis(tri-p-tolylarsi.ne)diruthenium(II,III) (6) 
is also formed. 
The [Ru2C1 5{As(p-tolyl) 3 } 14 ]. As(p-tolyl) 3 complex can 
also be prepared by vigorous refluxingof a methanolic 
solution of As(p-tolyl) 3 and "RuC1 3 xH 2O". As described 
in Chapter 2, gentle refluxing of this mixture gives the 
green methanolate monomer RuCl 3{As(p-tolyl) 3 } 2CH 3 OH as 




Tri-p-tolylarsine (1.70 g) was added to a solution 
containing 0.25 g of "RuC1 3 .xH 2O" in 35 cm 3 of butan-2-ol. 
The mixture was then refluxed for 214 hours in an atmosphere 
of nitrogen after which a yellow-green solid was 
precipitated. This was separated by filtration and well-
washed with ethanol, diethyl-ether and dried in vacuo 
at 80 °C (0.76 g; 87%). 
Tri--ch1oro-g, i-dichlorotetrakis(tni-p-chlorophenylarsine-
diruthenium(II,II.I) (6) 
The compound "RuC1 3 .xH 2O (0.20 g) was dissolved in 
methanol (20 cm3 ), a twofold excess of As(PhCl)3 (0.140 g) 
was added and the solution was refluxed for 6 hours. An orange-
brown solid was deposited, separated by filtration and 
washed with diethylether and air dried (0.57 g; 72%).. The 
same compound was obtained when the reaction was carried 
out inbutari-2-ol under reflux. 
New Tertiary Phosphine and Arsine Complexes of Osmium 
Tri_-chloro-dichlorotetrakis(triphenylphosphine)diosmium-
(II,III)(5) or (7) 
The compound Na 2OsCl 6 (0.50 g) and PPh 3 (1.50 g) were 
refluxed in butan-2-ol (140 cm 3 ) in an atmosphere of 
nitrogen. After ca 15 minutes an orange-brown solid 
was deposited, separated by filtration, well washed with 
im 
ethanol, methanol and diethylether and air dried (0.53 g; 
60%). The filtrate later deposits a green solid, which is 
the known dichlorotris(triphenylphosphine)oSmium(II) 
( 31 P-{ 1 H} nmr evidence l6). 
Tri-p-chloro-g, i-dichlorotetrakis( triphenylarsine) diosmium- 
The compound "Na 2OsCl 6 t' (0.50 g) and AsPh3 (1.00 g) 
were refluxed in butan-2-ol (140 cm 3 ) in an atmosphere of 
nitrogen. After ca 1 hour an orange-brown solid, was 
deposited, separated by filtration, well washed with 
ethanol, methanol and diethylether and air dried (0.87 g; 
53%). This was shown to be dichlorotetrakis(triphenylarSine)-
osmium(I'V) (Tables 14.1 and 14.2). The filtrate was refluxed 
under nitrogen for a further 2 hours and a red-orange 
solid was deposited, separated by filtration, washed with 
ethanol, methanol and diethylether and air dried. The 
compound's dichlorotetrakis(tri-p-tolylarsine)OsmiUlfl(II) 
and tri_p_chloro_g,i_dichlorotetrakis(tri-P-tOlylarsifle)
diosmium(II,III) (6) were similarly prepared starting from 


















Table 14.1 Electrochemical data for some ruthenium and osmium complexes 
electrode potentials 	 Se pa ra- 
Compound/Configuration 	11,111/11,11 11,111/111,111 111,111/111,11 111,111/11,11 IV/III tion 
Ru 2C1 5{As(p-tolyl) 3 } 14 (6) -0.22 +1.25 
Ru 2 C1 5(AsPh 3 ) 1 	(5) +0.114 +0.9 
Ru 2C1 6 (AsPh 3 ) 4 (3) 
Ru 2C1 6 (AsPh 3 ) 3 	(14) 
Ru 2C1 6{As(p-tolyl) 3 } 14 (3) 
Ru 2C1 6 {As(p-tolyl) 3 } 3 ( 14) 
Ru 2Cl 5{As(PhC1) 3 } 14 	(6) -0.142 +1.26 
Ru 2C1 5{As(p-tolyl) 3 } 14 (5) +0.10 +0.83 
0s 2Cl 5(AsPh 3 ) 14 	(6) -0.18 +0.6 
0s 2C1 5{As(p-tolyl) 3 } 14 (5) -0.71 +0.82 
0s 2C1 5(PPh 3 ) 14 	(5) 	or(7) -0.06 +0.50 
OsCl 14 (AsPh 3 ) 2 
OsCl 14 (As(p-tolyl) 3 ) 2 
a vs Ag/AgI reference at which ferrocene is oxidized at +0.60 volts in 0.5 ft TBABF 14 /CH 2C1 2 with 
platinum as a working electrode. 
Ru2C1 5 (Asptolyl 3 ) 14 
Ru 2 C1 5 ( AsPh 3 ) 




Ru 2C1 6 (As-.p-tolyl 3 ) 3 
(6) C 57.1(56.9) 
H 5.0( 	14.7) 
Cl 9.9(10.0)' 
Aà16.7(16. 9) 
(5) C 53.9(53.9) 
H 14.0( 	37) 
Cl 11.0(11.0) 
Asl9.0('18.7) 
(3) C 149.3(52.7) 
H 3.14(3.6) 
(14) C 149. 14(148.6) 
H 3.14( 	3.14) 
Cl 15.7(16.0)' 
(3) C 52.8(55.8) 
H 14. 14( 	14.6) 
(14) C 149.6(51.8) 
H 	14.2(14.3) 
Ru 2C1 5{As(PhC1) 3 } 14 	(6) C 140.6(142.8) 
H 	2.5( 2.14) 
Cl 30. 2.( 29. 9) 
Ru 2C1 5{As(p-tolyl) 3 } 14 (5) C 56.9(56.9) 
H 	14.7( 4.8) 
Table 14.2 Analytical, electronic and magnetic data of some ruthenium and osmium complexes 
	
a 	Melting Point 	max x110 :1 	"g" values at 77°K 
in 
Compound/Configuration 	Analysis- ( °C)(decom) (mol 	cm ) CH,) C1. ) 
2014 	- 206 0 C 5.31(14.214x10'4 ) g1 	2.32 
2.03 <g> 2.05 
g 3 1.76 
256 - 259 0 C 5.58('4.2tIxlO'4 ) g 1 	2.49 <g> 2.10 II 1.71 
273 - 275° C 1L70(14.31xlO 	) 91 	2.49 
g11 hard to measure - 
noisy base line 
182 - 1830 C 9. 142(4L2 14xl0
4 ) g 	2. 146 
177 <g> 
2.1  
162 - 	 16140 C 6.92(4.17x10 4 ) g 	2. 148 
'1 .1.) <g> 
2.1 
178 - 180 0 C 11.80(4.20xl0 4 ) g 1 	2.148 
1 76 < g> 2.15 
148 - 151 °C - 91 	2.41 
92 
2.11 <g> 2.13 
g 3 1.87 
214 - 216 0 C 
	




Table 11.2 (eontd) 
2.119(3.20x10 11 ) 
11.81(11.23x10 11 ) 
0s 2 Cl 5{As(p-tolyl) 3 } 14 	(6) C 118.8(51.7) 2115 	- 2117 ° C 
H 4L 14( 	11.3) 
0s 2Cl 5 (AsPh 3 ) 11 	 (6) C 119.6(118.5) 197 - 198 ° C 
H 3.5( 	3.7) 
Cl 10.1(10.0) 
0s 2Cl 5 (PPh 3 ) 11 	(5) 	or 	(6) C 53.6(53.8) 1914 	- 195 0 C 
H 3.8( 	3.7) 
Cl 11.0(11.0) 
OsCl 11 (AsPh 3 ) 2 C 1411.8(115.8) 277 - 279° C 
H 3.2( 	3.2) 
Cl 15.1(15.1) 
OsC114{As(p_tolyl)3}t C 117.0(119.0) 169 - 171 ° C 
H 11.1( 	11.1) 
Cl 1 14.3(13.8) 
a required in parentheses 
b position of absorption band in parentheses (cm) 
6.66(11.25x10 11 ) 
3.97(3.22x10 14 ) 
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ABBREVIATIONS 
dmf 	 dimethylf'ormamide 
thf 	 tetrahydrafuran 
pyz 	 pyrazine 
py 	 pyridine 
14...14.' bipy 	 14_4' bipyridine 
2-2 1 bipy 	 2-2 1 bipyridine 
1-10 phen 	 1,-10 phenanthroline 
-pic 	 -pico1ine 
Ph 	 phenyl 
Et 	 ethyl 
rn-p melting point 
PhCN phenyl cyanide 
TBABF 14 tetrabutylamxnoniumtetrafluoroborate 
Et 14 NBF 14 tetraethylammoniumtetrafluoroborate 
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